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Abstract 
    The aim of the project is to explore the mechanism of durum wheat proteins in slowing starch 
digestion; this reduction in digestion rate is nutritionally advantageous. The grains of three 
commercial durum wheat varieties (Jandaroi, Caparoi and Yawa) were employed, from which a 
range of pasta-derived cooked substrates were prepared: semolina (SE), whole pasta (spaghetti) 
(WP), powdered pasta (PP) and extracted starch (ST). SE contains inherent protein components; WP 
has an intact compact structure and gluten network formed by kneading and extruding the SE 
proteins; PP was ground from WP, thus breaking up the intact compact structure while the gluten 
network remained intact; and ST was extracted from SE with removal of proteins. To understand 
how pasta compact structure and proteins influence starch digestion, all these starch-containing 
samples with different protein composition and structure were subjected to in vitro digestion with 
various combinations of treatments mimicking gastric conditions with acid and pepsin, before the 
starch was digested with porcine α-amylase or pancreatin. After plotting the percentage of starch 
digested vs. time, first-order kinetics characterization through logarithm-of-slope analysis and 
morphological characterization by confocal microscopy were combined to reveal how the pasta 
compact structure and gluten network together slow starch digestion rate. Digested samples were 
collected at different times to characterize the weight distributions of branched starch molecules (wbr 
(logRh), Rh being hydrodynamic radius) using size-exclusion chromatography (SEC, also termed 
GPC). These distributions, together with the measured activity of α-amylase in the digestive solution, 
were used to explore the role that the compact structure and proteins in pasta play in retarding the 
evolution of starch molecular structure during digestion. Gluten powder (GP) extracted from SE was 
cooked and centrifuged to separate supernatant from gluten as a pellet, followed by the addition of α-
amylase, to characterize to what extent α-amylase interacted with wheat proteins by measuring the 
activity of α-amylase, to elucidate if the protein components are capable of reducing enzymatic 
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activity; the analytical technique used was high performance liquid chromatography-mass 
spectrometry (LC-MS).  
    The results showed that ST and SE were digested following simple first-order kinetics, while WP 
and PP followed two sequential first-order steps. The rate coefficients for these various steps were 
altered by pepsin hydrolysis. Confocal microscopy revealed that, following cooking, starch granules 
were completely swollen for ST, SE and PP samples. In WP, the granules were completely swollen 
in the external regions, partially swollen in the intermediate region and almost intact in the WP 
strand center. Gluten entrapment accounts for the sequential kinetic steps in the digestion of pasta 
starch; the compact microstructure of pasta also reduces digestion rates. A reduced activity of 
porcine α-amylase and retarded digestion for branched starch molecules of intermediate/small sizes 
were seen for samples which contain soluble proteins in the digestive solution but rapid digestion for 
branched starch molecules of small/intermediate/large sizes was seen for samples where these 
proteins were removed.  The combined observations support the hypothesis that soluble protein(s) 
present in cooked SE, PP and WP interact with α-amylase to reduce its enzymatic activity, and thus 
retard the digestive evolution of branched starch molecules. The data also suggest that this 
enzyme/soluble protein interaction is a physical one, probably non-covalent (e.g. entanglement or H 
bonding), because the enzyme activity could be restored. The compact structure of WP protects the 
inner region of a pasta fragment from protein-degrading and starch-degrading enzymes, while the 
remaining soluble protein(s) reduces the activity of α-amylase. Additionally, the residual gluten 
network may be able to prevent the leaching of large amylopectin molecules. All these factors reduce 
the rate of enzymatic degradation of the starch, especially for larger molecules with Rh >100 nm. 
Further study indicated that cooked GP released nearly all these active soluble proteins capable of 
reducing the activity of α-amylase into the aqueous solution, as only the supernatant was observed to 
be capable of significantly reducing the activity of α-amylase. Protein compositional analysis reveals 
that the added α-amylase mainly existed in the supernatant, with little in the gluten pellet. Moreover, 
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less than ~16% of protein became soluble in the supernatant, of which there was a notable abundance 
of inherent α-amylase inhibitors and glutenin subunits but almost no gliadin. In contrast, the gluten 
pellet contained the most proteins, which comprised mainly gliadin and glutenin subunits, while few 
α-amylase inhibitors were present. Taken together, these results suggest that the inherent α-amylase 
inhibitors are probably the active soluble protein components that are capable of reducing the activity 
of α-amylase, whereas the gliadin and glutenin subunits (as the main protein components) are not 
capable of reducing the activity of α-amylase. 
    The research findings for the whole project have been used to further clarify the roles wheat 
proteins play in slowing the starch digestion of pasta products. In essence, wheat proteins firstly form 
the gluten network as a backbone, supporting the compact and dense structure which both protects 
inner starch granules from being gelatinized, swollen and accessed by the penetrative enzymes. In 
addition, the digestion is slowed for starch entrapped by the gluten network, which contains protein 
α-amylase inhibitors with the capacity of reducing the activity of the penetrative α-amylase. These 
two structural features created by wheat proteins combine to lead to a slowed starch digestion for 
pasta products processed from wheat varieties. 
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1. Introduction 
Pasta is commonly consumed food, made of durum wheat. It is considered healthy, because its 
starch is more slowly digested than equivalent products made with different wheat flours. This thesis 
explores the mechanism of this slow digestion, with the overarching hypothesis that two principal 
structural reasons are accountable for the slowed starch digestion in pasta: ⑴ the compact structure 
of pasta protects the inner starch structure (especially the crystalline and granule structures) from 
being integrated during thermal gelatinization and protects starch and proteins from being accessed 
by the enzymes; ⑵ the gluten network contains particular endogenous protein(s) from durum wheat, 
which are capable of reducing the activity of α-amylase. The related background information is as 
follows. 
Notably other important structural features (typically starch granules having enhanced 
retrogradation) are also present, which may play a significant role in slowing the enzymic digestion 
rate of the starch. However, these structural features are not within the scope of this research project 
1.1. Starch digestion and characterization 
1.1.1. Starch structure levels 
    Starch molecules are homopolymers of anhydroglucose, with complex structures which are 
organized over several levels, ranging in scale from nm to mm (Bello-Perez, Rodriguez-Ambriz, 
Sanchez-Rivera & Agama-Acevedo, 2010; Gilbert, 2011). The first structural level comprises the 
individual linear starch chains with a certain number of glucose units, joined through α-(1→4) 
glycosidic linkages. The second structural level is the branched starch polymer formed from starch 
chains joined at α-(1→6) glycosidic linkage branch points. Level three of starch structure refers to 
the clusters of double helices formed by parts of the vast number of short branches of amylopectin, 
which, together with amylose, form alternate layers of crystalline lamellae and amorphous lamellae, 
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the fourth level of starch structure. A large number of alternate layers of crystalline lamellae and 
amorphous lamellae finally form the densely laid blocklets of different size and packing, which 
become the basis of the larger growth rings in the granule, as level five of starch structure.(Gilbert, 
2011).  
1.1.1.1. Molecular structure 
    Starch molecules are composed of two main components: amylose and amylopectin. Amylose is 
primarily linear molecule polymerized by anhydroglucose with α-(1→4) glycosidic linkages. 
Amylose has few branch points, and even an amylose molecule of large molecular weight has no 
more than about 10 branches. It has a molecular weight of around 105, and a degree of 
polymerization (DP) ranging from 200 to 10000 (Hizukuri, Takeda, Maruta & Juliano, 1989; Takeda, 
Hizukuri & Juliano, 1986; Takeda, Maruta & Hizukuri, 1992; Ward, Gao, de Bruyn, Gilbert & 
Fitzgerald, 2006). In native cereal starches, amylose generally comprises 15-35% (w/w) of the total 
starch mass (Ball et al., 1996).  
    Amylopectin is of a higher molecular weight (107-108), and is a hyperbranched biopolymer with a 
vast number of short branches, which may be classified into three classes: A, B and C chains. A 
chains have no branches and their reducing carbon C1 is linked into the C6 of the rest of the starch 
molecules with an α-(1→6) glycosidic linkage; B chains are linked by several other branch chains (A 
chain or B chain). The C chain is one single chain with the sole free reducing carbon of the whole 
starch molecule (Peat, Whelan & Thomas, 1952). A large number of the A chains in amylopectin 
form double helices that are further developed into clusters, which are joined together with B chains 
to form the crystalline lamellae (Peat et al., 1952).  
1.1.1.2. Crystalline structure 
    The crystalline lamellae in starch are formed by amylopectin branches: both A and B chains are 
confined to one cluster. Because of steric hindrance, most branch points are located in the amorphous 
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lamellae, resulting in the semicrystalline structure of starch. Amylose, intertwined with portions of 
amylopectin chains, is mostly confined to the amorphous lamellae. The crystalline and amorphous 
lamellae are arranged alternatively with a similar repeat distance of ~ 9 nm, being conserved among 
different botanical origins (Waigh, Donald, Heidelbach, Riekel & Gidley, 1999; Waigh et al., 1997), 
although  varying slightly about this value, depending on the species and variety.  
1.1.1.3. Granular structure 
    Starch granules from different botanical origins exhibit differences in shapes and size varying 
from 1-2 to around 100 µm (Jane, Kasemsuwan, Leas, Zobel & Robyt, 1994). Starch granule 
morphologies include spherical, oval, disk, polygonal, elongated, kidney and lobular. Moreover, 
some cereals contain granules of different sizes within the same plant. For example, wheat, barley, 
rye and triticale produce larger A-granules and smaller B-granules (Ao & Jane, 2007); rice and oats 
produce granules which are compound with granules of multiple sizes, which are arranged firmly to 
form the irregular shapes as a whole (Jane, Maningat & Wongsagonsup, 2010).  
1.1.2. Characterization of starch structure 
    Starch structure can be characterized over multiple structural levels varying from 0.1 nm to 100 
µm. Specifically, the molecular level structure (length scale: 0.1-100 nm) is primarily characterized 
using Nuclear Magnetic Resonance (NMR), multiple-detector Size-Exclusion Chromatography 
(SEC, also called gel-permeation chromatography, GPC), Fluorophore-Assisted Carbohydrate 
Electrophoresis (FACE) and offline Multiple-Angle Laser Light Scattering (MALLS); the lamellae 
level (length scale: ~ 9 nm) can be characterized using X-ray diffraction (XRD) and Small Angle X-
ray Scattering (SAXS); the growth ring level (length scale: 120-500 nm) can be analysed by 
Scanning Electron Microscopy (SEM) and observed by Confocal Laser Scanning Microscopy 
(CLSM), or optical microscopy in some cases; the granule level (length scale: 1-100 µm) can be 
characterized using Light Microscopy or CLSM. In this project, the samples containing starch are 
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cooked, degrading some of the higher levels of structure; the focus will therefore be on 
characterizing the starch structure at the molecular level (length scale: 0.1-100 nm). 
1.1.2.1. Nuclear Magnetic Resonance 
    NMR is a powerful and reliable technique used to characterize starch molecular structure. 
Compared to 1H NMR, 13C NMR is also very sensitive to short-range order, making it suitable for 
the characterization of samples with a relatively lower crystalline ratio. It is especially suitable when 
starch molecules cannot be dispersed completely in aqueous solution. 1H NMR has been used to 
calculate the degree of branching (DB) of starch by measuring the ratio of α-(1→4) and α-(1→6) 
glycosidic linkages (Gidley, 1985; Tizzotti, Sweedman, Tang, Schaeffer & Gilbert, 2011). To 
determine this ratio using 1H NMR it is essential that the starch molecules are completely dissolved 
in solution. Starch molecules cannot be dispersed completely in aqueous solution, especially for 
samples with high amylose content (McCleary et al., 2006). Also, starch molecules, especially 
amylose molecules, are more readily retrograded (recrystallization) in aqueous solvents. In order to 
solve this problem, dimethyl sulfoxide-d6 (DMSO-d6) was used as the solvent (Schmitz, Dona, 
Castignolles, Gilbert & Gaborieau, 2009), because in anhydrous DMSO-d6 starch granules gently 
separate from each other, as opposed to in water solutions where they swell and burst (Mukerjea, 
Mukerjea & Robyt, 2006). However when using DMSO-d6, calculation of the DB from the ratio of α-
(1→4) and α-(1→-6) glycosidic linkages can become difficult as the presence of other hydroxyl 
groups result in broad NMR peaks. One method used is to employ a mixture of 80:20 DMSO-
d6/D2O, in order to properly dissolve the starch (Hernández et al., 2008); however there may still be 
issues, as broadening of NMR peaks was observed in this study. In order to address these problems, 
an improved procedure was developed using a small amount of deuterotrifluroacetic acid (TFA- d1) 
to shift the exchangeable protons (unlike the less labile α-(1→4) and α-(1→6) hydrogens) of the 
starch hydroxyl groups to a higher frequency, thus resulting in a well-defined NMR spectra (Tizzotti, 
Sweedman, Tang, Schaefer & Gilbert, 2011).  
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1.1.2.2. Size-Exclusion Chromatography 
    Size-Exclusion Chromatography (SEC), also named Gel-Filtration or Gel-Permeation 
Chromatography (GPC), is a technique of separating molecules based on size. It has been widely 
used to determine the molecular weight distributions of (bio) polymers. The principal separation 
mechanism of SEC can be summarized as follows: molecules of different sizes are pushed through a 
column cointaining pores; during this process, molecules larger than the pore size cannot enter into 
the pore and are eluted first (this condition is called total exclusion), while molecules smaller than 
the pore size enter into the pores and are eluted later. The average transit time (also called residence 
time) of particles depends on the molecular size (not shape); particles with smaller size have longer 
residence time due to a more convoluted transit through the column, while ones with larger particles 
have shorter elution time.  
    The attachment of various detectors to the SEC column, for example viscometric, differential 
refractive index (DRI) and MALLS detectors, can provide meaningful information about the 
separated molecules  While these three detectors give equivalent information for linear polymers, 
they provide three different types of molecular size distributions for branched polymers. For 
example, the viscometric detector can give the relative number of molecules, the DRI detector can 
give total weight (concentration) and the MALLS detector can determine the weight-average 
molecular weight and z-average radius of gyration of molecules for each given size. The combined 
utilization of the three detectors can therefore provide the weight and number distributions (w(logVh), 
N(Vh)) and, the weight-average molecular weight (?̅?w(Vh)) and Rg,z(Vh).  
    It is important to note that the size separation data from SEC should always be presented in terms 
of either Vh or the corresponding Rh (equivalent hydrodynamic radius), rather than the elution time or 
elution volume. This is because elution time or elution volume is not reproducible (Cave, Seabrook, 
Gidley & Gilbert, 2009) and depends upon the particular machine status on a particular day. In order 
to obtain Vh from the elution time, a calibration curve based on linear standards of a known 
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molecular weights is reqiured to give the relationship between elution volume and Vh (for which the 
Mark-Houwink model is often used). When characterizing the structure of starch using SEC, a 
calibration curve can be constructed using a series of linear standards (such as pullulan for starch) of 
known molecular weights.  
    The main disadvantages of SEC for starch characterization are as follows:  
    ⑴ Standards with a molecular weight above 107 are commercially unavailable, placing an upper 
limit on the universal calibration curve. Unfortunately the Vh of this upper limit is too small to cover 
the size of amylopectin molecules, but is adequate to cover the size of most of the amylose 
molecules. Extrapolation of the calibration curve (is therefore required for the characterization of 
amylopectin molecules, but this extrapolation is extremely sensitive to slight changes, allowing for 
only semi-quantitative size data of these larger molecules (Cave et al., 2009; Gilbert, 2011; Vilaplana 
& Gilbert, 2010a).  
    ⑵ Starch molecules are not easily dispersed without some structural degradation or retrogradation 
due to the existence of hydrogen bonding among their hydroxyl groups. As starch is relatively 
insoluble in water under ambient temperatures, some common treatments like the use of 
microwaving, applying high pressures, high physical shear and exposing to alkaline solutions have 
been used to improve starch’s solubility. However all of these procedures can cause molecular 
degradation, making the characterization of the starch structure unrepresentative of the native 
structure. One improved method to overcome this solubility issue is to employ DMSO (sometimes 
used together with lithium salts), which can completely dissolve the starch molecule without causing 
significant degradation. Moreover this method can also prevent the absorption of starch onto 
stationary phases of the SEC column, avoiding the formation of supramolecular aggregates and 
retrogradation (Vilaplana et al., 2010a).  
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    ⑶ Other disadvantages of using SEC for starch characterization include shear scission, band 
broading and poorly reproducible characterization for polymers with a high molecule weight. Shear 
scission of amylopectin molecules is unavoidable with current technology due to the size of the 
molecules, shear scission for amylose however, can be avoided at low flow rates (Cave et al., 2009). 
Band broadening can be minimized by improving SEC columns and instrumentation; however even 
the most efficient system will experience some broadening. This broadening should be considered 
carefully to make an assessment of experimental results: while it does not affect averages, it can 
mask features such as a shoulder or small peak, and change the shape of a distribution (Castro, 
Dumas, Chiou, Fitzgerald & Gilbert, 2005). Despite some of its current limitations, SEC is currently 
the best technology available to characterize starch structure at a molecular level, and is especially 
suitable for the characterization of fully branched amylose molecules after enzymatic debranching, 
as molecules of such size are not significantly affected by shear scission or the calibration limitation. 
1.1.2.3. Fluorophore-Assisted Carbohydrate Electrophoresis 
    Fluorophore-Assisted Carbohydrate Electrophoresis (FACE) (Morell, Samuel & O'Shea, 1998; 
O’Shea, Samuel, Konik & Morell, 1998) is another structural characterization technology to allow 
the determination of CLD information on separated starch branches, after enzymatic debranching of 
fully branched starch. The main mechanism can be summarized as follows: after debranching, the 
reducing ends of the linear maltooligosaccharides are labelled with a charged fluorophore and are 
subsequently separated by capillary electrophoresis with fluorescence detection.  
    The main advantage of FACE, compared to SEC, is that it can provide more accurate CLD 
information, as it does not suffer from band broadening. However FACE is usually restricted to the 
characterization of branches with DPs lower than 100, because the current technologies are not 
sensitive enough towards large molecules (Gilbert, 2011; Vilaplana et al., 2010a) (although the 
Gilbert group’s equipment in Wuhan has now achieved resolution up to DP 170 (Wu, Li & Gilbert, 
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2014). Therefore this technology is used to characterize the separated branches of amylopectin, with 
almost all amylose chains being too long. 
1.1.2.4. Batch MALLS 
    Light scattering can be used to characterize the molecular structure of starch, and can be generally 
divided into two types: dynamic and static light scattering. The intensity of scattered radiation in 
static light scattering is averaged over a relatively long time period (usually 2 seconds) to smooth out 
internal mobility, allowing the weight-average molar mass ?̅?w and z-average radius of gyration Rgz 
to be obtained. As light scattering is very sensitive to large particles, it is necessary to make the 
samples molecularly dispersed and dilute to avoid aggregation. 
    One advantage of using an offline MALLS detector in batch mode to give ?̅?w and Rgz is that it 
does not involve size separation and therefore avoids the problem of shear scission. However, it is 
noted that a true size distribution cannot be obtained as the signal from MALLS is a complex 
function of the actual size and cannot be mathematically converted into a real distribution.  
1.1.3. The mechanism of starch digestion 
    The human digestive system is composed of four parts containing a variety of different digestive 
enzymes: the oral cavity (saliva containing α-amylase), the stomach (gastric juice containing pepsin), 
the small intestine (pancreatic juice containing α-amylase, trypsin and lipase) and large instestine. As 
food remains in the mouth for a relatively short amount of time, there is limited modification on the 
molecular structure of starch in this step (Singh, Dartois & Kaur, 2010); the major component of 
starch digestion occurs in the small intestine where pancreatic α-amylase is secreted into the lumen, 
hydrolysing α-(1→4) bonds (Lehmann, Jacobasch & Schmiedl, 2002) of the starch molecules. While 
glucose may be absorbed directly in the small intestine, especially the terminal end of the duodenum 
and jejunum (Tester, Karkalas & Qi, 2004), maltose and dextrin from starch hydrolysis must be 
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digested by brush border enzymes from epithelial cells on the intestinal villi to break them down to 
glucose for adsorption. 
    Based on the forgoing,  the enzymes for starch digestion in the mammalian or human digestive 
system can generally be classified into two groups: ⑴ α-amylase from the saliva and pancreas 
(Butterworth, Warren & Ellis, 2011); ⑵  glucoamylase, maltase-glucoamylase and sucrose-
isomaltase from the intestinal brush border. In in vitro experiments, with two kinds of starch 
degrading enzymes (porcine or human pancreatic α-amylase and fungal amyloglucosidase) are often 
used to mimic starch digestion. The fungal amyloglucosidase is from different biological resources, 
whereas it is similarly to the mammalian intestinal brush border enzymes acting as an exo-acting 
enzyme. (Norouzian, Akbarzadeh, Scharer & Moo Young, 2006; Sauer et al., 2000). The enzymes 
employed in in vitro starch digestion experiments are generally sensitive to changes in temperature 
and pH, with the optimal activity being achieved at around 37℃ and a pH of ~7. 
1.1.3.1. α-Amylase 
    The α-amylase family, which comprises a diverse group of enzymes from animals, plants and 
microbes, are all endo-acting enzymes that hydrolyze starch at the inner α-(1→4) bond of starch 
chains, creating soluble oligosaccharides with an α-configuration at the anomeric carbon of the 
reducing end (Robyt, 2008). The soluble oligosaccharides after hydrolysis from α-amylase are 
mainly maltose (G2), maltotriose (G3), maltotetraose (G4) and α-limit dextrins with several α-(1→6) 
linkages, while glucose is only a minor product during α-amylase digestion (Robyt, 2008; Seigner, 
Prodanov & Marchis-Mouren, 1987). The G3 and G4 molecules can partially fill subsidiary sites on 
porcine α-amylase and undergo a degree of hydrolysis into maltose and glucose after prolonged 
incubation. 
    It is noted that α-amylases from different biological sources have different product specificities 
because of differences in the length, folding and amino acid sequences of the enzymes (Janecek, 
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Svensson & Henrissat, 1997; Kuriki & Imanaka, 1999; Reddy, Nimmagadda & Rao, 2004). For 
instance, porcine pancreatic α-amylase has five D-glucose binding subsidiary sites while human 
salivary α-amylase has six, even though the catalytic groups are located between the second and the 
third active sites (Butterworth et al., 2011). Moreover porcine pancreatic α-amylase has a higher 
ability for multiple attacks on the substrate. 
1.1.3.2. Amyloglucosidase 
    Amyloglucosidase (AMG) is another type of starch degrading enzyme that has been widely used 
in the manufacture of glucose and fructose syrups (Sauer et al., 2000). It is an inverting exo-acting 
starch hydrolase releasing β-glucose from the non-reducing ends of starch and substrates of related 
poly- and oligosaccharides (Norouzian et al., 2006; Sauer et al., 2000). AMG is able to act on both α-
(1→4) and α-(1→6) glycosidic linkages, although the enzyme only slowly hydrolyzes α-(1→6) 
linkages of starch (Hiromi, Hamauzu, Takahashi & Ono, 1966; Koshland, 1953; Pazur & Ando, 
1960) as the specific activity (kcat/Km) towards the α-(1→6) linkage is only 0.2% of that for the α-
(1→4) linkage (Fierobe, Stoffer, Frandsen & Svensson, 1996; Frandsen et al., 1995; Hiromi et al., 
1966; Sierks & Svensson, 1994).  
1.1.4. Kinetics of starch digestibility 
    Digestibility curves are constructed by plotting the ratio of starch digested as a function of time. 
These curves can give direct and visual comparisons of the relative digestion rates of starches from 
different sources; however obtaining quantitative digestion rates requires models to imitate starch 
digestion. 
    Digestibility curves can often be fitted with a first-order equation (Chen et al., 2016; Goñi, Garcia-
Alonso & Saura-Calixto, 1997; Qiao et al., 2016) as follows: 
  Ct = C∞ (1- e
-kt)                                                                                                                                   (1) 
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    Here Ct   is the concentration of starch that has been hydrolyzed at time point t, C∞ is the 
concentration of the total starch digested and k is the rate coefficient.  
    Hydrolysis indices (HI) are a measure of the area under the digestibility curves (AUC) (Goñi et al., 
1997; Wolever et al., 2016) between time t0 and a selected time tx. This is another means to compare 
the relative digestion rates of different botanical starches and of various starchy foods. The 
calculation for the AUC is based on reliable estimates of k and C∞, and is obtained by integrating Eq. 
(1) between t0 and tx: 
    AUC = C∞ (tx - t0) + (C∞ / k) (e
-ktx - e-kt0)   
    If t0 = 0, the whole equation is then simplified into: 
AUC = C∞ tx + (C∞ / k) (e
-ktx - 1)   
The above kinetics models and equations for starch digestibility are mainly obtained from a 
previous report published by Butterworth, Warren, Grassby, Patel & Ellis, 2012.  
    In addition to the two empirical models above, the Michaelis-Menten equation can also be used to 
model starch digestibility. The Michaelis-Menten equation can be employed to describe the release 
of glucose as a function of the initial starch concentration (Ahn et al., 2016; Angelides, 2015; Singh 
et al., 2010). Native starch has a limited quantity of digestible material and so a relatively high total starch 
concentration is needed in order to provide enough substrate to reach an activity of Vmax/2; however, as the 
amount of available starch increase greatly after the gelatinization, the total amount of starch needed to reach 
Vmax/2 decreases, causing an apparently decreased Km (Baldwin et al., 2015). The similar results can also 
be seen elsewhere (Heitmann, Wenzig & Mersmann, 1997). It is also noted that in a certain limit, 
Michaelis—Menten kinetics reduce to simple first order. 
    It has been shown that the kinetics of starch hydrolysis can be described by a simple Michaelis-
Menten equation at low starch concentrations, whereas a modified first-order Michaelis-Menten 
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model is required at high concentrations (Komolprasert & Ofoli, 1991). For instance, a previous 
study used two types of starches with different apparent velocities of digestion to study the influence 
of starch structure on the kinetics of glucoamylase hydrolysis (Sanromán, Murado & Lema, 1996). In 
one case the kinetics of starch hydrolysis was found to correspond to Michaelis-Menten behaviour, 
which can be described as follows: 
   V = VmaxS / (Km + S) 
    However, once the hydrolysis rate of the starch increased with an increase in starch concentration, 
the digestion profile no longer adhered to Michaelis-Menten behaviour. This was because of an 
inhibitory effect from the substrate (S) which may cause a higher apparent viscosity (although the 
bulk viscosity increases, the rate of enzyme diffusion may be unaffected because the size of the 
enzyme is much smaller than that between starch molecules, which form a hydrogel at very low 
concentration). The following modification to the Michaellis-Menten equation was used: 
    V = VS / (Km + S + KiS) 
    Ki is the inhibition constant.  
    The hydrolysis rate of different starches is therefore affected by the viscosity/rheological 
characteristics of the starch due to differences in the mass transfer of the molecules. There are also 
structural features that have been shown to affect starch digestibility. For example, a higher degree of 
branching results in an increase in the number of available points for enzymatic attack (Sanromán et 
al., 1996), whereas a higher degree of branching can also result in a higher apparent viscosity, 
increasing the consequent mass-transfer resistance (Singh et al., 2010). This helps explain why starch 
at higher concentrations is digested at a relatively slower rate, as the positive effects of higher 
branching is overcome by the diffusional restrictions on enzymatic action (mass transfer limitation) 
caused by high apparent viscosities. The overall molecular weight of starch can also affect the rate of 
enzymatic hydrolysis. Molecules with higher molecular weights decrease the accessibility of the 
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starch towards active centres of the enzymes, due to an increase in steric hindrance. It has been 
studied that the 𝐾𝑚in the Michaellis-Menten equation is affected by the degree of polymerisation and 
the ratio of α-(1→6) branching bonds of starch (Heitmann et al., 1997). It is also noted that starch 
molecular structure has a significant effect , e.g.(Syahariza, Sar, Hasjim, Tizzotti & Gilbert, 2013). 
    To summarize, the mass transfer limitation and the starch structural parameters can both act to 
control the rate of starch hydrolysis. 
1.2. Cereal protein composition and characterization 
    Cereals are the most important crops in the world. The total annual yield of cereal grains is more 
than 2000 million tonnes (Mt), compared to legume seeds e.g. pulses, soybean and groundnut with 
an annual yield of less than 250 Mt (FAO, 1999). Of all the cereals grown in the world, three main 
cereals account for over 70% of the total production; these are maize (604 Mt in 1998), wheat (589 
Mt in 1998) and rice (563 Mt in 1998). Other cereals including barley, sorghum, millet, oats and rye 
account for a lower proportion of the total yield of cereal grains (Shewry & Halford, 2002). 
    Apart from the starch content, protein is another important component of cereals. The reason why 
cereal seed proteins have attracted so much attention in the area of cereal chemistry can be generally 
attributed into two aspects. Firstly,  even though cereal grains only contain a limited amount of 
protein, with an average of 10-12% of the dry grain weight (compared to the protein-rich legume 
seeds which have 20-40%), they supply 200 Mt of the protein used for human nutrition annually, 
three times the amount from protein-rich legume seeds (Shewry et al., 2002). Secondly, seed protein 
can exert a great influence on the utilization of grains during food processing. For instance, wheat 
protein is directly related to the viscoelasticity of the dough used in bread, pasta and many other food 
products (Shewry et al., 2002).  
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1.2.1. Protein components of main cereal 
    Cereal proteins were previously classified based on their solubility in a series of solvents. For 
example, the fraction dissolved in water has been termed albumins; the fraction dissolved in dilute 
saline was classified as globulins. This classification is called “Osborne fractionation”, which was 
created by TB Osborne (1859-1929) and is still widely used. However there is now a more 
commonly used method to classify cereal proteins into three groups: storage proteins, structural and 
metabolic proteins, and protective proteins. Reviews (Baldwin, 2001; Shewry et al., 2002) suggest 
that the proteins in cereal grains can be further classified into two groups: 
      1. Storage proteins, mainly including gluten and gliadin proteins, which would be almost entirely 
removed from the wheat flour after starch extraction;  
      2. Starch granule-associated proteins, which are biologically distinct from plant storage proteins, 
are tightly bound to the surface and/or are integral components of the starch granule (Skerritt, Frend, 
Robson & Greenwell, 1990; Skerritt & Hill, 1992). 
1.2.2. Storage globulins 
    Storage globulins are contained in the embryo and outer aleurone layer of the endosperm of wheat, 
barley and oats; they are readily soluble in dilute saline solutions and have a sedimentation 
coefficient of about 7. They can be generally classified into two families: 7S and 11-12S (Shewry et 
al., 2002; Wilson, Chavda, Pierre-Louis, Quinn & Tan-Wilson, 2016; Zhang et al., 2016). The 7S 
globulins are stored in protein bodies and act only as storage proteins; the globulins in the aleurone 
and embryo have little impact on the properties of grains, even though they are rich in these tissues 
(Shewry et al., 2002). For some small-grained cereals, the aleurone and embryo account for only 
~10% of the total dry weight and are usually removed during wheat milling, rice polishing, barley 
pearling and sorghum decortication. For the embryo of maize, however, protein accounts for 10-11% 
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of the dry grain weight and often remains after processing, thus providing a high content of proteins 
and oil (Shewry et al., 2002).  
    The storage globulins of the 11-12S family are located in the starchy endosperm, which are also 
present in at least some cereal grains. For example, it has been shown that 70-80% of the total 
proteins in oats and rice grains are from these proteins, which are related to the “legumin” type 
globulins that are widely distributed among most dicotyledonous species (Casey, 1999). Rice 
proteins are not readily soluble in dilute salt solutions and therefore are classified as members of the 
11-12S family. Moreover the globulins found in oats are similar to legumins in that they form a 
hexameric structure. The proteins that are related to legumins are located in the wheat’s starchy 
endosperm and are termed “triticins”. They only account for about 5% of the total protein in wheat 
seed (Singh et al., 1988). The triticins are composed of larger and smaller polypeptide chains, with 
Relative Molecular Mass (𝑀𝑟 , the sum of all the relative atomic masses of the atoms in a molecule) 
ranging from 40,000 down to 22,000. 
1.2.3. Prolamin storage proteins 
    With the exceptions of oats and rice, prolamins are the major storage proteins in the endosperm for 
all other cereal grains. They were originally classified as soluble in alcohol/water mixtures, but have 
also been known to contain alchohol-insoluble polymers. When the prolamins are present in a 
reducing state, they become aqueous alcohol-soluble. The molar masses of prolamins range from 
~10,000 to 100,000 (Shewry et al., 2002). Therefore prolamin storage proteins are more variable in 
structure than the globulins from 7S and 11-12S families (Shewry et al., 2002).  
    The prolamins from Triticeae cereals (including wheat, barley and rye) are classified into three 
broad groups: sulfur-rich (S-rich), sulfur-poor (S-poor) and high molecular weight (HMW) 
prolamins (Shewry & Tatham, 1990). In wheat, all these prolamins are present to form the major 
component of the gluten protein fraction, the essential composition of the viscoelastic network of the 
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dough (Shewry et al., 2002). As a result, the prolamins are largely responsible for the ability of 
producing wheat flour which can be processed into bread, pasta and many other food products. 
1.2.4. Gluten proteins 
    Gluten proteins are not natural components existing in native cereal grains. They are formed when 
flour is mixed with water to form a dough, in which the protein compositions in the individual cells 
are combined together to create a continuous network (Petitot, Abecassis & Micard, 2009a; Wang, 
Jin & Xu, 2015). The gluten network can be digested by human digestive enzymes into amino acids 
that are subsequently absorbed by the digestive system. Although the total protein content, of which 
half are storage proteins (Shewry et al., 2002), only accounts for 10-15% of the dry grain weight, 
these cereal proteins provide most of the protein nutrition for livestock such as pigs and poultry, and 
even to humans predominantly on a diet low in animal-source proteins. However, cereal proteins 
have inherent nutritional deficiencies, as the essential amino acids in cereal are not complete. For 
example, prolamins lack essential amino acids like lysine, threonine and tryptophan (Shewry et al., 
2002; Sikdar et al., 2016). This deficiency is typical for maize (Wu & Messing, 2015). One effective 
way to compensate for the nutritional deficiencies of the natural cereals is to combine them with 
other sources that contain these essential amino acids; these sources include legume seeds, oilseed, 
fish and synthetic amino acids (Shewry et al., 2002). One common combination is cereals and 
legumes seeds, as these two types of seeds are complementary in the composition of essential amino 
acids; cereal seeds tend to be rich in sulfur-containing amino acids and low in lysine whereas the 
legume seeds have a complementary composition of essential amino acids (Shewry et al., 2002).  
    In addition to the effects on nutritional quality, one major consideration is the impact of the grain 
proteins on the functional properties for food processing, as most of the main cereals (except rice) 
are consumed in processed foods. The gluten proteins are particularly important for processing 
quality and end-use quality (Battenfield et al., 2016; Liu, Wang, Rengel & Zhao, 2015; Shewry et al., 
2002). The continuous matrix formed from gluten proteins confers viscoelastic properties to the 
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dough, which can be processed into products of various shapes. The viscoelastic properties are 
strongly related to the molecular weight of the glutenin (Guo et al., 2015; Koga et al., 2016). For 
example, dough with high viscoelasticity has been shown to have higher proportions of high molar 
mass glutenin polymers (Field, Shewry & Miflin, 1983). Furthermore the variation of HMW 
prolamins was also proved to be strongly related to the viscoelastic properties and end-use quality of 
the dough (Payne, 1987). Specifically, HMW subunits form a polymer network, which acts as a 
backbone that interacts with other glutenin subunits as well as with gliadins (Shewry et al., 2002). 
An increase of the degree of crosslinking formed through inter-chain disulfide bonds has been 
proposed to stabilize the gluten network (Shewry & Tatham, 1997). Moreover these inter-chain 
hydrogen bonds, which are commonly formed among glutamine residues on the repetitive domains 
of the protein network, are also important for conferring dough elasticity (Belton, 1999).  
1.3. Factors affecting starch digestibility  
1.3.1. Botanic features that affect the starch digestibility 
1.3.1.1. Plant cell walls 
    Plant cell walls are a common native plant structure. The plant cells that encapsulate starches in 
the endosperm of whole grains are surrounded by the cell wall matrix, which is composed of 
polysaccharides that cannot be digested by non-ruminant animals’ digestive enzymes, even though 
they can be readily degraded by ruminant microorganisms in the digestive tract. Therefore the cell 
walls potentially protect the entrapped starches from endogenous amylase activity in non-ruminant 
animals’ small intestine. Moreover the intact cell wall can prevent the complete swelling and 
leaching of starch molecules from granules, thus inhibiting the access of digestive enzymes. For 
instance, starch can be at least partially protected from enzymic digestion, when present within an 
intact plant tissue structure in e.g. legumes or grain particles (Al-Rabadi, Gilbert & Gidley, 2009). 
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Some processing procedures (e.g. milling or cooking) can disrupt cell walls, thereby increasing the 
accessibility of starch to hydrolysis (Dhital, Bhattarai, Gorham & Gidley, 2016; Edwards et al., 
2015). It has been reported that higher blood glucose levels and insulin responses result when whole 
rice is ground (O'Dea, Nestel & Antonoff, 1980). Conversely the larger particle sizes of wheat, maize 
and oats show a lower in vitro starch digestion rate, which has also been confirmed by an in vivo 
experiment, with larger particle sizes resulting in lower blood-glucose levels and insulin responses 
(Heaton, Marcus, Emmett & Bolton, 1988). All these phenomena support the hypothesis that the 
plant cell wall is an effective barrier able to slow down the rate of starch digestion. 
1.3.1.2. Fibre  
    Fibre is a common component in flour and is also able to influence starch digestion. Fibre is 
generally classified into the soluble (non-starch polysaccharide) and insoluble fractions (cell wall, 
bran etc.). Inclusion of high amounts of insoluble fibres can disrupt the protein matrix, resulting in a 
porous structure; this may lead to an increase in the accessibility of starch granules to degradative 
enzymes (Rakhesh, Fellows & Sissons, 2015; Tudorica, Kuri & Brennan, 2002). Conversely, the 
inclusion of soluble fibres will enhance the resistance of starch to enzymatic degradation, as it can 
induce the formation of a viscous protein-fibre-starch network that can entrap the starch granules, 
reducing glucose release (Rakhesh et al., 2015; Tudorica et al., 2002). Many studies using human 
subjects and animal models have provided evidence that added soluble fibres can significantly 
reduce the glycaemic response and plasma insulin levels (Ellis, Apling, Leeds & Bolster, 1981; 
Jenkins et al., 1978). Apart from this in vivo experimental evidence, the rate and extent of starch 
hydrolysis by amylases can also be shown to be reduced when soluble fibre is incorporated into a 
food matrix and subjected to a digestion medium. 
    Soluble fibre can alter the viscosity of the food matrix, affecting the rate of starch digestion 
(Hardacre, Yap, Lentle & Monro, 2015; Villemejane et al., 2016). For example, polysaccharide-
based gums, a type of water-soluble non-starch polysaccharide, are thought to be beneficial as they 
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reduce postprandial glycaemia (Kaur, Singh, Govil & Singh, 2009). This has been confirmed with 
the finding that guar gum in pig meals caused an increase of the zero-shear viscosity of jejuna 
digesta, along with a significant decrease in the rate of glucose absorption (Ellis, Roberts, Low & 
Morgan, 1995). This beneficial postprandial effect results from an increase in the digesta viscosity 
inside the gastrointestinal tract, caused by the swelling of fully hydrated galactomannan chains; this 
reduces the digestion rate and absorption of carbohydrates, leading to a lowering of postprandial 
rises in blood glucose. The presence of hydrated galactomannan chains restricts the swelling of 
starch granules during gelatinization. As a result, some granules may not be gelatinized completely, 
reducing the water available to the starch granules (Kaur, Singh, Singh & McCarthy, 2008). This 
incomplete gelatinization of starch may also contribute to the starch’s resistance to digestion. It is 
noted that some viscous fibre derived from guar, tragacanth, can increase the viscosity even at a low 
polymer concentration, which increases the overall viscosity of digesta in the gastrointestinal tract. 
Moreover an increase in the viscosity of digesta can also affect gastric behaviour and reduce the 
propulsive and mixing effects from peristalsis, decreasing the interaction frequency between 
substrates and digestive enzymes. In addition to the lower rate of starch digestion, the transport of 
some intermediate products (e.g. maltose, α-limited dextrins) to intestine mucosal surfaces would 
also be slowed down (Brennan, Blake, Ellis & Schofield, 1996). Although the addition of other 
cereal-based viscous fibres can to some extent also decrease starch digestion and glucose absorption, 
the mechanism behind this reduction in digestion may be slightly different, as these fibres are 
physically and functionally different from viscous gums. 
    Not only can soluble fibres decrease the digestion rate of starch by increasing the viscosity, but 
they can also play a role as a physical barrier, reducing the interactions between enzyme and 
substrate (Brennan et al., 1996; Ellis, Dawoud & Morris, 1991; Hardacre et al., 2015). Moreover 
some soluble fibres like galactomannans can even act as a non-competitive inhibitor on the activity 
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of α-amylase (Slaughter, Ellis, Jackson & Butterworth, 2002). The resulting complex formed by 
galactomannans and fibre become inactive, decreasing the activity of pancreatic amylase. 
1.3.1.3. Native inhibitor and anti-nutrients 
    Native α-amylase inhibitors, which function as a type of anti-nutrient, commonly occur in natural 
plants. These inhibitors occur in varying quantities among a wide variety of crops e.g. beans, rye, 
wheat and oats. The most common types of α-amylase inhibitors are either protein or glycoprotein in 
nature, and are non-competitive, non-dialyzable and affected by heat treatment (Dreher, Dreher, 
Berry & Fleming, 1984). However there have also been non-protein amylase inhibitors reported (e.g. 
polyphenolic compounds or phenolic acids, acarbose, isocarbose and acarviosine-glucose) (Farias et 
al., 2007). For example, amylostatin (extracted from the fungi Streptomyces) and acarbose (extracted 
from the family Actinoplanaceae) are two types of oligosaccharides that can inhibit amylase activity. 
Also some natural molecules extracted from plants can also inhibit the activity of α-amylase. For 
example, natural inhibitors from white beans were found to reduce the peak of postprandial glucose 
in healthy and type 2 diabetic subjects (Boivin, Flourie, Rizza, Go & DiMagno, 1988); some low 
molecular weight molecules derived from plants such as luteolin, strawberry extracts, and 
polyphenols in green tea have also been observed to prohibit the activity of α-amylase and lower 
postprandial hyperglycemia (He, Lv & Yao, 2007; McDougall et al., 2005). It has been reported that 
there are compounds from wheat that do not affect the wheat's amylase activity but can inhibit the 
activity of mammalian salivary and pancreatic α-amylase (Lankisch, Layer, Rizza & DiMagno, 
1998). In addition, the bean α-amylase inhibitor α-AI-1 was found to inhibit α-amylase activity in 
true bugs (Hemiptera) (Lüthi et al., 2015); a trypsin inhibitor isolated from Streptomyces misionensis 
UMS1 was found to have an inhibiting effect on α-amylase (Mohd-Yusoff, Alias & Simarani, 2016); 
grape skin phenolics have been confirmed as inhibitors of mammalian α-glucosidase and α-amylase 
(Lavelli, Harsha, Ferranti, Scarafoni & Iametti, 2016).  
24 
 
    In general, amylase inhibitors tend to inhibit the activity of certain specific amylases. These 
inhibitors can interact with amylase to form a complex, leaving the enzyme inactive or less active. 
According to their specific functions, inhibitors from plant sources can be divided into two groups: 
those that inhibit the activity of exogenous α-amylase from predators, thereby protecting the seeds or 
other organs; and those that inhibit endogenous α-amylases to regulate their activity during seed 
development or germination (Singh et al., 2010). All amylase inhibitors are pH and temperature 
sensitive. For example, α-amylase inhibitors from the kidney bean, while having the highest activity, 
are pH dependent: α-amylases inhibitors from legume crops are generally inactivated at temperatures 
above 100 ℃ . It has been shown that some amylase inhibitors can lose their activity during 
processing. For instance, natural amylase that has been isolated from wheat germ fractions can be 
destroyed when being passed through a roller mill (Snow & O'Dea, 1981). Although many products 
have become available to block the activity of amylases since early 1940s, many of them were found 
to be ineffective in vivo, despite being reported to be promising during in vitro experiments. It is 
interesting that amylase inhibitors are unstable in the stomach and can only be active when being 
incubated with amylase prior to the reaction with starch (Lajolo & Genovese, 2002).  
    Another common amylase inhibitor from plant sources is phytic acid, one of the most important 
reserves for phosphate in many plants. It is able to form complexes with proteins or metal ions and 
thereby reduce their biological availability (Yoon, Thompson & Jenkins, 1983). Phytic acid was 
shown to decrease the rate of sugar release when incubated with saliva prior to reacting with starch, 
whereas there is no evident inhibition if the phytic acid and amylase are added into the starch 
solution simultaneously. Phytic acid is able to affect starch digestibility by interacting with amylase 
proteins as well as by binding with salivary minerals like calcium that are known to increase amylase 
activity. Moreover, processing can also affect phytic acid, resulting in a change in the activity of 
amylase (Alonso, Aguirre & Marzo, 2000; Rehman & Shah, 2005). For example, phytic acid levels 
can be significantly reduced when the seeds are allowed to germinate for 72 h; extrusion cooking has 
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also been found to reduce phytic acid, as well as lead to condensed releasing of tannins and 
polyphenolics; thermal processing can lead to the degradation of anti-nutrient molecules including 
phytic acid, changing their activity in the formation of insoluble complexes (Rehman et al., 2005).  
1.3.1.4. Granular architecture of starches 
    The size of starch granules has been shown to affect the amylolysis, with several studies showing 
that larger granules have a lower starch digestion rate than the smaller counterparts (Franco, Ciacco 
& Tavares, 1998; Franco, do Rio Preto & Ciacco, 1992; Kasemwong, Piyachomkwan, Wansuksri & 
Sriroth, 2008; Naguleswaran, Li, Vasanthan, Bressler & Hoover, 2012; Noda et al., 2005; Properties, 
1996; Qi & Tester, 2015; Vasanthan & Bhatty, 1996), even though differences in granule 
composition may also partially affect the amylolysis rate. The primary factor controlling the starch 
hydrolysis rate is thought to be the number of starch molecules available for the absorption and 
binding, with a lower number leading to a slower rate (Warren, Butterworth & Ellis, 2012). This has 
been supported by the experimental observation that small potato granules digested almost three 
times faster than the larger counterparts (Dhital, Shrestha & Gidley, 2010b). On the other hand, a 
higher rice particle size leads to a greater amount of slow digestible starch and resistant starch (de la 
Hera, Rosell & Gomez, 2014). There is also a size difference between the channels in A-
polymorphic starches and the pores (opening of channels). The former is thought to be lined with 
proteins and lipids (Benmoussa et al., 2010; Han, Benmoussa, Gray, BeMiller & Hamaker, 2005; 
Naguleswaran, Li, Vasanthan & Bressler, 2011), with diameters ranging from 0.007 to 0.1 µm, while 
the latter has larger diameters, ranging from 0.1 to 0.3 µm. This space is large enough to allow the 
amylase to diffuse inside the maize starch granules (Payan et al., 1980; Planchot & Colonna, 1995). 
The enzymatic digestion of starch granules with few pores and channels, however, can only occur 
from the outside towards the inner part of the granule, as the high local concentration and tight 
packing of amylose (AM) and amylopectin (AP) makes the granule surface impermeable to amylase 
(Jane, 2006; Oates, 1997). As well as the architectural features of the native starch granules, the 
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proteins (Baldwin, 2001) and lipids (Baldwin, Davies & Melia, 1997) on the granule surface can also 
affect the starch digestion rate by blocking the accessibility of the starches and disturbing the enzyme 
binding (Oates, 1997). Conversely the less ordered starch chains (Tahir, Ellis & Butterworth, 2010b; 
Warren et al., 2012) and damaged surfaces favour the binding of enzyme to the granule surface 
(Oates, 1997). 
1.3.1.5. Protein composition 
    Seed protein has a significant effect on the rate of starch digestion. The protein usually surrounds 
or extends into the endosperm structure containing the starch granules, forming a continuous protein 
matrix. The protein factors that affect starch digestion can generally be divided into two groups: 
exogenous effects including the interaction of protein with non-protein components like polyphenols, 
starch, non-starch polysaccharides and lipids; and endogenous influences arising from the proteins 
physicochemical properties and morphology in the grains (Belton, Delgadillo, Halford & Shewry, 
2006; Duodu, Taylor, Belton & Hamaker, 2003). The amount of protein in a grain is approximately 
10% protein, compared to starch which accounts for approximately 70-80% of the dry weight of 
most cereals (Rooney & Miller, 1982). Protein affects the functional properties of starch, e.g. 
gelatinization and starch digestion rate (Chandrashekar & Kirleis, 1988; Duodu et al., 2002; Ezeogu, 
Duodu & Taylor, 2005; Ezeogu, Duodu, Emmambux & Taylor, 2008), as the protein may form a 
contiguous layer surrounding the starch granules. This phenomenon has been confirmed for many 
cereals and is especially evident for sorghum (Wong et al., 2009).  
1.3.1.6. Native lipids 
    In addition to native protein components, lipids are another kind of non-starch component that 
associates with starch granules and affects the starch digestion rate (raw or gelatinised starch 
granules). Similar to proteins, lipids also reduce the accessibility and binding of enzymes to the 
starch molecules. In general, cereal starch granules contain internal lipids that are mainly free fatty 
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acids, and lysophospholipids existing independently (Morrison, 1981), as well as amylose-lipid 
complexes (Morrison, 1988). The lipids existing independently can form complexes with amylose 
after thermal processing, restricting the swelling and solubility of starch granules (Björck, Asp, 
Birkhed & Lundquist, 1984). Both the native amylose-lipids complexes and those produced by 
processing are much more resistant to digestion than normal single-helical amylose chains (Holm et 
al., 1983), as the active sites of the amylases are hindered.  
    The activity of enzymes with amylose-lipid complexes is determined by the structural features of 
these complexes. Generally speaking, fatty acids less than 10 carbon units long are water-soluble, 
with the chains becoming insoluble when exceeding 12 carbon units in length. Therefore the shorter, 
water-soluble fatty acids are less effective at forming complexes than the longer water-insoluble fatty 
acids. Furthermore, amylose-lipid complexes can be classified into two forms based on their melting 
temperatures: form I consists of amorphous amylose-lipid complexes that have a lower melting 
temperature and are more susceptible to enzyme hydrolysis; form II consists of crystalline complexes 
with higher melting temperatures (Gelders, Duyck, Goesaert & Delcour, 2005; Tufvesson, Wahlgren 
& Eliasson, 2003a, b; Yotsawimonwat et al., 2008). 
     Additionally the presence of starch granules could also bring in a slowed digestion of lipids, as 
confirmed by a recent study that the initial rate of lipid digestion depended on starch type and 
concentration (Tangsrianugul, Suphantharika & McClements, 2015). 
1.3.1.7. Native starch structure 
    The catalytic reaction between amylase and starch molecules can be affected by many barriers, 
with the structural parameters of the native starch being important in determining the starch's 
digestibility. The main structural parameters that control starch digestibility are usually considered to 
be: the AM/ AP ratio, amylopectin chain length, the amount of crystallites caused by the helical 
structure of the starch, the packing of the crystallites, and the interaction of the starch molecules with 
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non-starch components. Recently, amylose fine structure has also been revealed as a significant 
factor (Syahariza et al., 2013). These factors can individually, or in combination, affect the binding 
and catalysis of starch granules with amylase. 
    The crystalline and amorphous phases provide barriers that inhibit the accessibility of enzymes to 
the interior of starch granules, which can greatly affect the rate and extent of the enzymatic 
hydrolysis of starch (Colonna, Leloup & Buleon, 1992). For this reason, processing of the starch 
granules, for example hydrothermal treatment, is used to swell the amorphous and ordered regions, 
making them more readily available for amylase-catalysed hydrolysis, allowing the kinetics to be 
analyzed (Tahir, Ellis, Bogracheva, Meares-Taylor & Butterworth, 2010a).  
    The type of crystallinity also affects the rate of starch digestion. With the exception of extremely 
high amylose variants (for example Gelose 80) that are bred specifically for their amylose content, 
A-type starches from normal cereals are more readily hydrolyzed than B-type starches from high 
amylose cereals or potatoes. The effect of the crystallinity type is also dependent on the chain length 
of AP (Gallant, Bouchet, Buleon & Perez, 1992; Jane et al., 2003; Planchot, Colonna & Buleon, 
1997; Sujka & Jamroz, 2009): specifically B type starches contain AP with more long branch chains, 
which can extend through several crystals to make the internal structure stable; conversely A-type 
starches have more short branch chains, leading to an unstable lamellar structure (Jane et al., 1999; 
McPherson & Jane, 1999). The structural difference makes B-type starches more resistant towards 
enzymatic digestion compared with A-type starches. There are some reports (Planchot et al., 1997) 
regarding this aspect: e.g. A- and B-type polymorphs from the same source (amylose spherocrystals, 
DP 15-20) were subjected to enzymatic digestion in vitro, with the B-type polymorphs being more 
resistant to α- and β-amylase, and amyloglucosidase digestion. However another study found that A-
type crystals from debranched waxy starches were more resistant to enzymatic digestion than the B-
type polymorphs from the same starch source (Cai & Shi, 2010, 2013; Cai, Shi, Rong & Hsiao, 
2010). Although the double helical structures are almost identical for the two polymorphic forms (A-
29 
 
and B-types) (Gidley, 1987; Imberty, Buléon, Tran & Péerez, 1991),  the double helices in the A-
type monoclinic unit cells are packed relatively more compactly (with a lower water content) than B-
type crystals which are packed in a hexagonal unit cell (Gallant et al., 1992; Tester et al., 2004). This 
might explain why in this study the A-type starches were more resistant to enzymatic hydrolysis. 
Additionally one recent study also confirms B-type crystalline polymorphs are intrinsically more 
resistant to enzymatic hydrolysis than A-type in rice starch granules, and it is proposed that the 
slightly longer branch lengths of amylopectin which leads to the formation of more stable B-type 
double helical structures compared to their A-type counterparts is the major parameter, with other 
factors such as granule size, surface pores and interior channels having secondary roles, in 
determining the rate of enzymatic hydrolysis of rice starch granules (Dhital, Butardo, Jobling & 
Gidley, 2015). Considering the conflicting results mentioned above, even though the distribution of 
crystallites and their influence on local granule organisation probably affects the overall activity of 
amylase enzymes on starch hydrolysis (Gerard, Colonna, Buleon & Planchot, 2001), it is likely 
amylose or debranched amylopectin crystals are not the sole determinates of amylase activity on 
starch granules. It seems likely that a combination of factors regarding granule structure at all 
structural levels come together to determine the overall hydrolysis rate. 
    Supramolecular organisation is also thought to affect the digestion of less organised amorphous 
regions more than the ordered semi-crystalline regions, which has been observed using scanning 
electron microscopy (SEM) (Blazek & Gilbert, 2010; Gallant et al., 1992) and reported in molecular 
structural analysis studies (Blazek et al., 2010). A-type starches have been reported to be more 
accessible to enzymes than B-type starches (Shrestha et al., 2012; Zhang, Ao & Hamaker, 2006); 
however in this study both crystalline and amorphous regions were evenly degraded. This 
phenomenon may be explained if the glucan chains of the amorphous regions, in which they are 
densely packed and arranged tightly adjacent to the crystalline regions, are not as free and mobile as 
previously thought,. This special structural feature would be effective in inhibiting the enzymatic 
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hydrolysis of the starch (Planchot et al., 1997; Zhang et al., 2006). Also the non-crystalline fractions 
may contain amorphous regions entrapped within imperfect crystals and double helical structures 
that are not a part of crystallites. It has been hypothesised that these fractions in the non-crystalline 
regions lead to an increase in resistance to enzymatic hydrolysis (Shrestha et al., 2010). This 
explanation has been supported in other studies: for instance, amylopectin lamellae are thought to 
form spherical blocklets on the surface regions of B-type starches, making these starches granules 
comparatively larger (200 to 500 nm) than in A-type starches (20-120 nm) (Gallant et al., 1992; 
Gallant, Bouchet & Baldwin, 1997; Tang, Mitsunaga & Kawamura, 2006). The organisation of 
amylopectin lamellae can inhibit the accessibility of enzymes into the inside of starch granules. 
Furthermore, the AM in starches with high AM contents (e.g. high amylose maize starches, HAMS) 
can reinforce and stabilise amorphous rings, prohibiting amylase attack: an extra barrier that starches 
with higher AM contents (e.g. normal maize starches, MS) do not have. However other studies have 
shown that potato starch with similar AM content to MS had a slower digestion rate, more similar to 
the digestion pattern of HAMS. This different digestion rate might be attributed to the size of the 
granules architecture, in which the higher levels of structure in the range of ~100 nm (e.g. pores, 
channels and damage to the granule surface) are the primary determinants of the digestion rate, while 
the AM/AP ratio, the chain lengths of AP and the amount and types of crystallinity only play minor 
or secondary roles (Dhital, Shrestha & Gidley, 2010a; Shrestha et al., 2012). 
1.3.2. Processing affecting starch digestibility  
    All cereal-based food products undergo a series of processing procedures, any of which resulting 
in changes on the size of the starch granules or affect the protein network can potentially lead to 
changes in the digestion of the starch. A wide range of technologies are employed by industry to 
process food materials, altering the food structure and thus potentially altering nutritional qualities, 
for example starch digestibility. Some recent studies have aimed to understand the influence of 
different processing techniques on starch digestibility, the outcome of which can be seen in Table 
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S1.1. A range of processing types were studied and their effects on in vitro digestibility of finger millet 
starches were reported: starch digestibility has been shown to increase by 35-40% during cooking, autoclaving 
and puffing followed by pressure cooking and germination; baking, deep frying and shallow frying reduced 
rapid digestible starch (RDS) while roasting and pressure cooking followed by cooking, autoclaving and 
puffing enhanced the RDS to about 23% (Roopa & Premavalli, 2008). A comparison of processing parameters 
(popping, roasting, flaking and extrusion) and their effects on amaranth starch digestibility and the predicted 
GI have been reported: the starch hydrolysis rate is significantly more enhanced by popping, roasting and 
flaking than extrusion (Capriles, Coelho, Guerra‐Matias & Arêas, 2008). Extrusion cooking significantly 
increases the in vivo digestibility of starches, which may be explained on the basis that the starch granules lose 
their structural integrity, due to increased shearing action and kneading in the extruder barrel; this increases 
their susceptibility towards enzymatic attack (Alonso et al., 2000). The increase in sheeting cycles of pasta 
dough has also been observed to enhance the in vitro starch digestibility due to the pulling away of protein 
from starch granules (Kim et al., 2008). The most common procedures used include milling, mixing, 
sheeting, extrusion, drying, cooking and chemically modifying. 
1.3.2.1. Milling 
    Both milling and grinding of grains can break cell-wall structures and protein networks, leading to 
an increased activity of amylase digestion, as is shown in a recent study (Sasaki, Okunishi, Sotome 
& Okadome, 2016). Another recent critical review has pointed out that processing, such as by 
milling or cooking, can destroy the physical barrier that attenuates the rate and extent of amylolysis 
of starch (Dhital, Warren, Butterworth, Ellis & Gidley, 2015). Milling conditions also affected the 
particle size of the sweet potato flours, which brought in measurable effects of mill type on starch 
digestibility (Chen & Sopade, 2013). It has also been observed that the grinding of barley and 
sorghum grains led to an approximate doubling of the amylase digestibility with the particle size 
decreasing from ~500 µm to ~ 250 µm (Al-Rabadi et al., 2009). Because the size of individual 
endosperm cells range typically from 50 to 150 µm in diameter, starch granules in particles of ~500 
µm in size are primarily contained within intact cell walls; however, particles of ~250 µm are likely 
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to have more broken cells, exposing the intra-cellular starches to adsorption and catalytic action by 
amylases. Moreover the smaller particle size means a larger area available for higher catalytic 
efficiency and rate of hydrolysis (Dhital et al., 2010b; Tahir et al., 2010b).  
    The size of cereal-based food products can also influence starch digestion. For example, particle-
size heterogeneity in rice flour induces different pattern in starch enzymatic hydrolysis, which was 
found to be grain type dependent: long grain rice underwent lower enzymatic hydrolysis, indicating 
minor susceptibility to enzymes attack (de la Hera, Gomez & Rosell, 2013). Further, the digestibility 
of two pastas with different sizes have been compared, with starch in the larger-sized spaghetti being 
less susceptible to α-amylase than starch in the smaller-sized vermicelli, presumably due to the 
higher surface to weight ratio of vermicelli compared to spaghetti (Granfeldt, Björck & Hagander, 
1991b). Pasta shape was also found to affect the rate of starch digestion, with macaroni (smaller 
particle size) producing a higher in vivo glucose response than spaghetti (larger particle size) 
(Wolever et al., 1986). It was also shown that spaghetti had a higher susceptibility to enzymatic 
digestion after being ground, possibly because the pasta structure after grinding facilitated the 
diffusion of  α-amylase (Colonna et al., 1990). One experiment showed that the disintegration of  
spaghetti into coarse porridge greatly increased the glucose response (Glycemic Index, GI=73) over 
that of intact spaghetti (GI=61) (Björck, Granfeldt, Liljeberg, Tovar & Asp, 1994). The Glycemic 
Index, GI, estimates how much each gram of available carbohydrate (total carbohydrate minus fibre) 
in a food raises a person’s blood glucose level following consumption of the food, relative to 
consumption of a standard, e.g. white bread. All of these experimental results highlight the 
importance of food structure, including particle size. 
1.3.2.2. Mixing 
     Before mixing, durum wheat flour has irregular shaped particles of variable sizes, of which the 
structure is compact and few visible starch granules are entrapped in the protein matrix (Aalami, Rao 
& Leelavathi, 2007; Matsuo, Dexter & Dronzek, 1978). With the addition of water, durum wheat 
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flour can transform into a homogenous dough. The water volume added is determined by the volume 
of the durum wheat flour: specifically, to form a good dough,  25 to 34 kg of water is needed to mix 
with 100 kg of flour, this volume being dependent on the initial moisture content of the flour and the 
final pasta shape (Dalbon, Grivon & Pagani, 1996). During mixing, some heterogeneous, hydrated 
aggregate particles are formed; however there are still some particles that are not hydrated. At the 
microscopic level, however, no major structural changes occur, with starch granules still being 
visible within the protein matrix under SEM (Matsuo et al., 1978). It has been shown that if mixing 
occurs at temperatures below 50 ℃, there will be no important structural changes on starch granules 
(Vansteelandt & Delcour, 1998), with no visible gluten network (Matsuo et al., 1978); this may be 
attributed low levels of hydration and a low energy input (Icard-Verniere & Feillet, 1999). Moreover, 
protein solubility in sodium dodecyl sulfate (SDS) is slightly increased during mixing, as SDS 
disrupts electrostatic, hydrophobic and hydrophilic interactions among the gluten proteins. 
Collectively the evidence suggests that protein structural transformations do not occur during mixing 
(Petitot et al., 2009a). Therefore starch digestion should not be significantly affected by mixing. 
1.3.2.3. Forming 
    Sheeting and extrusion are the most common processes used in pasta production, both of which 
structurally transform the protein and starch granules. Extruders are usually composed of three parts: 
a cylinder, an extrusion screw, and a die fitted into the end of the cylinder. The dough is pushed 
forward by the rotating screw through the head die, where it is transformed into its final shape. The 
extrusion pressure, ranging from 5-10 MPa in a single-screw extruder, is essential to give the product 
its necessary compactness (Kruger, Matsuo & Dick, 1996). The process of sheeting comprises three 
to five pairs of rolls, with the size of the roll gaps progressively decreasing. The dough is kneaded 
and rolled into a sheet, being compressed between the two rotating cylinders before reaching its 
desired thickness. It is then cut into strands of a desired shape. The two pasta-making processes 
mentioned above have differences in the mechanical energy used. The amount of energy transferred 
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to the dough is higher during extrusion, with some mechanical energy finally dissipating as heat. 
Also, extrusion results in shearing stress, while sheeting exerts an elongation stress. These 
differences in stress, heat and pressure lead to different pasta structures, which subsequently results 
in differences in the digestion of the starch (Petitot et al., 2009a). 
1.3.2.4. Extrusion 
Extrusion and mechanical fractionation of the flour affects hydration, thermal and pasting features, 
as well as starch susceptibility to enzymatic hydrolysis. Usually, onset and peak temperature 
increased, and gelatinization enthalpy decreased, when barrel temperature of the extruder was 
increased, so that fine flours with stronger extrusion (high temperature barrel) showed the highest 
susceptibility to enzymatic hydrolysis (Martínez, Calviño, Rosell & Gómez, 2014). However the 
extrusion also helps increase the enzyme resistance of starch digestion, as confirmed by a recent 
study that all the starch in extruded form showed much greater resistance to enzymatic hydrolysis 
(Zhang et al., 2015).  Therefore, more susceptibility or resistance to enzymatic hydrolysis mainly depends 
on if the extrusion process results in a deconstructive starch granules or leads to a protecting structural 
features for the starch granules. Typical structural features exist for the pasta extruded from semolina, since 
freshly extruded pasta has a compact internal structure, as observed under SEM (Fig. 1.1), in which 
the starch granules are deeply embedded into the protein matrix and aligned along the flow direction 
(Matsuo et al., 1978). The starch granules in the protein matrix are slightly swollen, and irregular in 
size and shape (Tudorica et al., 2002). Therefore extrusion can influence the structure of the starch 
granules and the protein network. 
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    Fig.1.1. Scanning electron microscopy of A) Semolina (Petitot et al., 2009a), B) freshly extruded pasta 
(Tudorica et al., 2002), C) surface of dried spaghetti, and D) cross section of dried spaghetti (treated at 85 
℃) (Alireza Sadeghi & Bhagya, 2008) 
    During extrusion, the protein can experience denaturation at the molecular level, resulting in the 
loss of protein solubility in dilute acetic acid (Dexter & Matsuo, 1977) or in SDS (Icard-Verniere et 
al., 1999). However different protein fractions are affected by extrusion to different extents. For 
example, Dexter and Matsuo showed that extrusion leads to a loss of solubility of the globulin 
fraction, while having no effect on the albumin, gliadin and glutenin fractions (Dexter et al., 1977). 
The loss of solubility cannot be explained by aggregation, as no disulfide bonds are formed, with the 
molecular weight distribution of the proteins remaining unchanged after extrusion. It has been 
hypothesized that the reason for the globulins becoming insoluble is because they bind to the 
insoluble components of the flour. It has also been observed that a decrease in protein solubility in 
SDS is caused by a decrease in the solubility of glutenin aggregates (Icard-Verniere et al., 1999). It 
has been shown that glutenin aggregates with greater sizes can be formed after extrusion (Icard-
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Verniere et al., 1999). Although extrusion is initially conducted at lower temperatures (≤ 50℃) and 
would require temperatures ≥ 60 ℃ to cause insoluble protein to form (Weegels & Hamer, 1998), the 
pressure of the extruder gradually builds up, leading to a rise in the local temperature in the extrusion 
substance, resulting in structural transformations as a consequence of both shearing stress and 
thermal forces (Kruger et al., 1996). There is evidence that moderate damage to starch granules can 
occur due to the mechanical forces in extruders (Icard-Verniere et al., 1999). Evidence for this is that 
extruded pasta has a lower gelatinization temperature than durum wheat flour (Vansteelandt et al., 
1998; Zweifel, Conde-Petit & Escher, 2000). This reduction in the gelatinization enthalpy can be 
attributed to the presence of some already gelatinized starch granules, or damaged starch granules, 
which need less energy to be melted. 
 
    Fig. 1.2. Confocal scanning laser micrograph of fresh pasta after 3 and 45 sheeting passes. S = starch 
granules; P = protein matrix. The samples were stained with Fluorescein Isothiocyanate (FITC) and 
Rhodanmine B. The starch granules and gluten network are shown in green and yellow, respectively (Kim et 
al., 2008). 
1.3.2.5. Sheeting 
The starch granules in freshly-sheeted durum wheat pasta were observed under confocal laser 
scanning microscopy (CLSM) to be associated closely with proteins (Fig. 1.2). An increase in the 
number of times the sheet is passed through the machine can distribute the proteins and starch 
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granules more uniformly in the dough. Also the sheeting process can result in higher levels of 
glutenin solubility in SDS due to protein disaggregation and depolymerization (Kim et al., 2008) and 
a moderate level of damage to the starch (Zardetto & Dalla Rosa, 2006). 
    The properties of pasta products following extrusion and sheeting show a range of effects. For 
instance in one study, starch was found to be damaged less by sheeting than by extrusion (Zardetto et 
al., 2006).  This study compared the microstructure of freshly rolled sheeted pasta with extruded 
pasta, both of which were prepared from the same wheat flour. Their results indicated that, for the 
extruded pasta, the protein matrix was discontinuous, with protein aggregates unevenly distributed 
among the starch granules. The freshly rolled sheeted pasta, on the other hand, had a compact and 
continuous protein network (Ambrogina Pagani, Resmini & Dalbon, 1989). However, in a different 
study when pasta from durum wheat semolina was both sheeted into lasagne and extruded into 
spaghetti, it was the cooked sheeted pasta that had a more porous and open protein network (with 
starch granules embedded inside) than the extruded pasta. Here the starch granules in the centre of 
the sheeted pasta strand were completely gelatinized. In comparison, the extruded pasta exhibited a 
more compact starch-protein structure with some ungelatinized starch granules in the central region 
of the pasta strand (Fardet et al., 1998). It has been hypothesized that the different results between 
the two studies mentioned above may be due to slight differences in the raw materials being used 
(Ambrogina Pagani et al., 1989; Fardet et al., 1998). However, adequate comparisons between the 
two processes are still lacking and require further attention. 
1.3.2.6. Drying 
    Drying is a very common process inb pasta production, with the lowering of the product’s 
moisture content being important to prolong shelf life. The most common drying technique was 
traditionally at low temperatures (LT) (40-60 ℃) with 70-80% relative humidity (RH) for 18-28 h; 
however higher temperatures (HT) (60-84 ℃) with 74-82% RH and a duration of 8-11 h and very 
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high temperatures (VHT) (> 84 ℃ ) with a 74-90% RH for 2-5 h are currently used, due to 
technological improvements that were made since the 1970s. Improvements in drying have resulted 
in many advantages: for example, drying time has become shorter and hygienic standards have 
improved. Since higher drying temperatures have been employed, the quality of the final products 
have improved with a higher firmness, lower stickiness and lower cooking losses when the cooking 
duration extends beyond optimal times (Zweifel, Handschin, Escher & Conde-Petit, 2003). The 
improved properties presumably result from structural modifications caused by the higher drying 
temperatures, with the extent of structural modification depending on the temperature and moisture 
conditions applied during drying, the level of protein denaturation and the amount of starch swelling. 
    After drying, pasta has been seen to be composed of numerous starch granules of various sizes 
(Alireza Sadeghi et al., 2008; Cunin, Handschin, Walther & Escher, 1995) that are surrounded by a 
protein film. On the surface of the pasta, there are some cracks and small holes apparent in the 
protein matrix, which can be attributed to the surface tension of the dough during drying, or may be 
partly due to shrinkage that occurs during the sample preparation for microscopic observation 
(Alireza Sadeghi et al., 2008). The internal structure of dry pasta consists of starch granules that are 
firmly embedded in the protein matrix (Alireza Sadeghi et al., 2008; Cunin et al., 1995). 
    The effect of drying on pasta structure is firstly described by changes in the starch fraction, which 
can be commonly analyzed using polarized light microscopy to look at the birefringence, and DSC 
and X-ray diffractometry to understand the different levels of ordered structure (Zweifel et al., 2000). 
Under polarized light microscopy, starches in pasta exhibit various birefringence levels. Most starch 
granules in pasta following LT drying retain their birefringence (Altan & Maskan, 2005) whereas ~ 
20% or even more starch granules in pasta dried using HT or VHT conditions would partially or 
completely have lost their birefringence (Güler, Köksel & Ng, 2002). The local moisture and 
temperature may be able to induce the gelatinization of some starch granules, as supported by the 
following phenomena: two endothermic transitions of starch were detected with DSC, the first of 
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which could be due to the gelatinization of starch, with the second possibly corresponding to the 
reversible dissociation of pre-existing amylose-lipid complexes. This suggests drying may promote 
the starch to be partially melted and the formation of amylase-lipid complexes. However there is also 
some contrary evidence that increasing the drying temperature may actually result in a higher 
gelatinization temperature and enthalpy (Güler et al., 2002; Zweifel et al., 2000), with the hypothesis 
being that VHT drying may favour rearrangement of the starch molecules, leading to a more 
thermodynamically stable structure (Zweifel et al., 2000). However X-ray diffractometry showed no 
evident drying temperature effects on crystallization (Baiano, Conte & Del Nobile, 2006; Güler et 
al., 2002; Zweifel et al., 2000). Furthermore the impact of the drying cycle on the gelatinization 
enthalpy has not yet been elucidated. 
    The effect of drying temperature on pasta’s structural characteristics has been studied, with a 
progressive decrease in the small and large monomeric proteins, and an increase in the molecular 
size of large polymeric proteins, being observed as the drying temperature was increased from 60 to 
90℃  (Lamacchia et al., 2007). This phenomenon has been characterized using SEC, and is 
confirmed further with the change of protein solubility at different temperatures: up to a drying 
temperature of 70 ℃ , minor changes were found at the molecular level with slight protein 
denaturation in the pasta, where 65% of proteins are soluble in acetic acid (Dexter et al., 1977) and 
63-70% are soluble in SDS (Petitot et al., 2009b). At higher drying temperatures, the protein 
solubility decreases quickly, with only 50% of proteins being soluble in acetic acid and 25% being 
soluble in SDS. This means that HT drying could result in a 20-60% decline in protein solubility 
compared with LT drying. Also there are similar reports that higher deformation and melting 
swelling of starch granules occurs both in the core and in the external region of LT cooked spaghetti 
(Stuknytė et al., 2014). Moreover the higher drying temperatures can also result in an increasing 
amount of polymeric proteins, with an increase in proteins that are not soluble in SDS; the similar 
phenomena was also observed after sonication (sonication is postulated to cause shear degradation of 
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the disulfide bonds that connect glutenin togther, without affecting other covalent linkages such as 
peptide bonds) (Singh, Donovan, Batey & MacRitchie, 1990). Some results indicate that the protein 
aggregates might be stabilised by irreversible protein interactions like interpeptide cross linkages or 
Maillard reaction linkages (De Zorzi, Curioni, Simonato, Giannattasio & Pasini, 2007; Petitot et al., 
2009b), a phenomenon that has been observed in pasta at VHT, as well as for pure gluten treated 
under severe conditions.  
    The main linkages formed during pasta drying are disulfide bonds. While these disulfide bonds 
can be formed between glutenins and gliadins, they can show different levels of heat sensitivity. 
Glutenins are highly heat sensitive at 80 ℃, forming intermolecular disulfide bonds that eventually 
become insoluble in the thermally-treated fresh pasta with a water content of 29%; at temperatures 
higher than 80℃ , gliadins begin to form disulfide bonds with the glutenin complexes (Favier, 
Samson, Aubled, Morel & Abecassis, 1996). Reactivity studies based on pure gluten show a similar 
trend (Weegels, Verhoek, De Groot & Hamer, 1994), with major changes in the protein’s solubility 
occurring when the gluten was heated at 80 ℃ at a moisture content of 25-30% (comparable to the 
conditions used when pasta drying is carried out at high temperatures). The main changes are 
accounted for by glutenin fractions, as gliadins only react at temperatures higher than 100 ℃ (Singh 
& MacRitchie, 2004). Glutenins form both intermolecular and intramolecular disulfide bonds while 
gliadins can only form intra-chain disulfide bonds to participate in disulfate-sulfhydryl interchange 
(Singh et al., 2004). It should be noted that the experiment above was based on the effect of 
temperature on gluten proteins, instead of a complex matrix like pasta. Therefore other interactions 
of these proteins with the pasta components should also be considered carefully (Petitot et al., 
2009a). 
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1.3.2.7. Cooking 
    Cooking accelerates the starch digestion, as typically conformed by a recent study finding that 
cooking brown rice dramatically influenced the glucose response after the ingestion (Sasaki et al., 
2016). Cooking can result in two main structural changes (starch gelatinisation and protein 
coagulation) to pasta. Because pasta formation gives a unique structural feature where the space 
between starch granules is surrounded by protein, any protein coagulation and interaction that occurs 
during cooking can lead to a continuous and strengthened network that traps the starch. These two 
main structural changes occur under the same temperature and moisture conditions, making both 
transformations competitive as starch and protein compete for water; these processes are therefore 
antagonistic, as the swelling of starch granules opposes the formation of a protein network. As a 
result, the faster starch swells, the slower the rate of protein interaction, leading to a weaker protein 
network inside the pasta (Petitot et al., 2009a). 
    These two structural transformations are controlled by water penetration inside the pasta during 
cooking. The water uptake rate depends on the ability of the water to diffuse into the matrix and 
relies on the melting kinetics of crystalline domains (Del Nobile & Massera, 2000). The water acts as 
a plasticizer, increasing polymer mobility, and penetrates from the outside of the pasta towards the 
centre as the pasta is cooked. A moisture gradient is present inside the pasta strand, as revealed by 
magnetic resonance imaging (MRI) (Del Nobile et al., 2000; Horigane et al., 2006). The relatively 
lower moisture content in the centre of the pasta may increase the competition for water between the 
protein and starch granules. The water may not be evenly distributed among the two components, as 
protein appears to react at a lower moisture content. A higher hydration of proteins favours the 
formation of a protein network before the starch granules have a chance to swell. As a consequence 
of the moisture gradient, structural changes occur continuously from the outer surface of the pasta 
strand towards the core of the cooked pasta. The strand can be divided into the surface, external 
region, intermediate region and central region (Heneen & Brismar, 2003). 
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    The surface of cooked pasta has a protein film of ~1 µm thickness, which contains cracks and 
open areas (Fardet et al., 1998; Heneen et al., 2003), and starch that may no longer be visually 
distinguishable from the protein. In the external region, starch granules are largely gelatinized and 
swollen, making them difficult to differentiate from protein using SEM or BFLM (Fardet et al., 
1998; Heneen et al., 2003). However the protein network can be more clearly seen using CLSM. In 
contrast to the external region, the intermediate and central regions have a clearer distinction 
between starch and protein structure, making them easily distinguishable from the external region. 
The intermediate and central region characteristically have larger starch granules that are surrounded 
by a higher amount of thin protein films (Petitot et al., 2009a); there is also another small difference, 
with the intermediate region having partly swollen granules (as a result of gelatinization) that are 
embedded in a coagulated and dense protein network (Fardet et al., 1998; Heneen et al., 2003). The 
central region, however, has starch granules with a limited degree of gelatinization due to the lack of 
water absorption (Cunin et al., 1995). 
    After pasta has been cooked for a suitable amount of time, the birefringence of starch granules, as 
seen with a polarized light microscope, is completely absent. At this stage no gelatinization 
endotherms can be detected using DSC, indicating that the starch in the cooked pasta has been 
completely gelatinized. Although there are the two competing structural changes on protein and 
starch during cooking, the moisture and temperature conditions especially favour protein 
denaturation and aggregation. As a result, protein solubility decreases in dilute acetic acid (Dexter & 
Matsuo, 1979) after cooking. The extent of this decrease in protein solubility varies with different 
drying temperatures. For example, the protein solubility of pasta dried with VHT is less altered 
during cooking than the LT and HT dried pasta, as most protein has already been aggregated during 
the VHT drying (Petitot et al., 2009a). Furthermore some qualities of cooked pasta are strongly 
related to the previous processing steps. For instance, high drying temperatures seem to be beneficial 
in maintaining the pasta’s structure, as the protein network following LT treatment and cooking is 
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partly disrupted and has lost its continuity; conversely the microstructure of pasta experiencing VHT 
drying at a low moisture can be preserved even after prolonged cooking times (Zweifel et al., 2003). 
Moreover the amount of starch swelling is lower for the VHT dried pasta, especially when dried at a 
low moisture level (Zweifel et al., 2003). 
1.3.2.8. Chemical modification 
    Chemical modification is an effective way to change basic food structure and thus food qualities, 
for example starch digestibility. Chemical modification of the structure of starch and protein are both 
effective ways to reduce starch digestibility. 
    Chemical modification of starch related proteins is a potential way to affect the starch digestion 
rate. Because the protein network in pasta, formed during kneading and forming, acts as a barrier to 
amylase, therefore the extent of protein cross-linking will probably influence the effectiveness of this 
barrier. This assumption has been supported by many studies: Wong et al. reported that a greater 
ratio of disulfide-bonded proteins can decrease the digestibility of both the starch and protein in the 
sorghum grain endosperm. Starch digestibility, when analyzed in in vitro experiments, was found to 
increase with the addition sodium sulfite or bisulfite, which act as reducing agents to prevent the 
formation of enzyme-resistant disulfide-linked proteins, thus facilitating the access of amylolytic 
enzymes to the starch granules (Wong et al., 2009). While the level of polymerization is dependent 
on the quantity of enzyme and the reaction time, the formation of new covalent cross-links in the 
gluten (Basman, Köksel & Ng, 2002; Bauer, Koehler, Wieser & Schieberle, 2003; Larré et al., 2000) 
can enable the transformation of very weak gluten into a strong protein network. As a result, a more 
extensive and thicker protein matrix was observed in the pasta added with microbial 
transglutaminase (TG) under CSLM (Fig.1.3), indicating more cross-links were formed, a finding 
that was also supported by a study that measured the percentage of polymeric protein that cannot be 
extracted (Sissons, Aravind & Fellows, 2010). 
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Fig.1.3. Confocal scanning laser microscopy of cross sections of cooked spaghetti from control (A), with 
0.05% TG (B), 0.5% TG (C) and 1% TG (D) (Sissons et al., 2010) 
1.4. Review summary  
    A series of factors that can influence starch digestibility have been discussed. With all of these 
factors considered, cereal protein structure is one of the most significant components affect starch 
digestibility. In the natural state of a cereal plant, the cereal protein composition usually surrounds 
the endosperm structure that contains the starch granules, which may form a continuous layer 
surrounding the starch granules, thus decreasing the accessibility of amylase to the starch molecules 
available in granules. After artificial processing, although starch molecules in many food matrices 
become more susceptible to enzymatic degradation due to the destruction of native structural features 
(e.g. swelling of the starch granules, melting of the starch’s crystalline structure and structural 
breakage of the starch molecules), cereal proteins can form a continuous gluten network layer 
surrounding the starch granules, reducing the enzymatic accessibility of trapped starch granules; 
these processes include mixing, forming and drying. 
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    This kind of inhibition of starch digestibility, which is based on the formation of a gluten network, 
is especially evident for wheat-starch products such as bread or pasta. Pasta is a good model to study 
the mechanism of inhibition of starch digestion from gluten networks, because the process of making 
pasta is relatively simple and convenient, and more importantly it results in the formation of typical 
structures with starch granules entrapped by a gluten network. A number of in vitro and in vivo 
experiments have shown that pasta has a decreased starch digestibility when compared to other food 
matrices from the same resource. The results of these experiments indicate that the lower rate of 
starch degradation is strongly related to the pasta’s textural and structural features. Although gluten 
networks have been considered to be a key factor leading to the decrease of starch digestion in many 
in vitro and in vivo experiments, there are still some questions that have not been resolved and 
require more research. 
1.5. Deficiencies and research aims 
1.5.1. A kinetic study of starch digestion in durum wheat flour, pasta and pasta 
powder 
    Although many in vitro kinetic studies have found that starch structural features (e.g. the granule 
structure, the crystalline/amorphous structure, the amylopectin/amylose ratio, the branching degree 
of amylopectin, and the lengths of amylose and amylopectin chains) affect the starch digestion rate, 
kinetic studies on the digestion rate of starch entrapped in a gluten network have been limited. For 
the few studies performed, the authors often only record the ratio of starch digested at different 
digestion times, or calculate the area under digestion curves (AUC) at different amounts of digestion. 
This allows a rough comparison of the starch digestion rates to be made among starches with 
different degrees of entrapment from protein networks. However there are obvious deficiencies in 
these kinetic studies looking at the starch digestibility of pasta or bread matrices, which can be 
summarized as follows: 
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⑴ Digestion curves and the calculated AUC can only be used to make an overall and rough 
characterization of starch digestion rate, if starch digestion may be characterized by a simple 
model, such as a single first order process. They cannot be used to detect changes in the digestion 
kinetics as starch digestion proceeds. 
⑵ It cannot be seen from digestion curves and AUC data what structure features contribute to the 
slower digestion rate. Authors often infer that the structure of protein entrapment is the main 
reason leading to the decreased reaction rates of starch digestion, without conclusive evidence for 
this cl;aim. 
    Research aim: The research aim is to quantify the effect of wheat protein components and gluten 
networks on the in vitro digestion rate of starch. A modified first-order kinetic analysis, which allows 
for changes in the kinetics during digestion, will be used to obtain the reaction rate coefficient(s) in 
vitro starch digestion,. Also α-amylase fixed with fluorescein (FITC) will be employed to degrade 
purified starch, starch in flour and starch in the form of pasta. The digesta will be collected at various 
digestion periods and then observed using confocal scanning laser microscopy. Morphological 
change of starch granules will indicate what structural features contribute to slower reaction rates of 
starch digestion. 
1.5.2. Exploring in vitro digestive evolution of starch molecules affected by durum 
wheat protein 
    Although the structural changes that occur to starch molecules during digestion can be variable 
due to structural differences in the starch molecules (confirmed by characterizing the distribution of 
fully-branched molecules and their chain-length distribution (CLD)) (Witt, Gidley & Gilbert, 2010), 
there are no reports addressing the digestive evolution of starch molecules influenced by the wheat 
protein composition, gluten network and compact structure of pasta. 
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    Research aim: The research aim is to characterize the in vitro digestive evolution of starch 
molecules that are affected by the wheat protein composition, gluten network and compact structure 
of pasta. Purified starch, flour, pasta powder and whole pasta will be digested, with digesta being 
collected at various time points. The starch will be characterized, with the distribution of fully 
branched molecules being obtained. This will allow any structural changes of the starch molecules to 
be observed.   
1.5.3. Exploring mechanisms by which gluten network inhibits the starch digestion 
    The mechanism(s) by which the gluten network slows starch digestion has not been fully 
understood, despite gluten entrapment has been widely considered as physical barrier to inhibit the 
accessibility of enzymes for slowing starch digestion (Colonna et al., 1990; Cunin et al., 1995; Favier 
et al., 1996; Singh et al., 2004; Sissons et al., 2010). One explanation is the tortuosity of the gluten 
network lengthens the pathway the enzymes must take to reach the starch substrate entrapped (Fardet 
et al., 1998). However this explanation is problematical, since the porosity of the gluten network was 
characterized by CSLM as high as 0.5-40 µm (Fardet et al., 1998), large enough to allow α-amylase 
(size generally reported to be in the range 7-10 nm (Larson, Greenwood, Cascio, Day & McPherson, 
1994; Strobl et al., 1998)) to penetrate freely. Therefore gluten entrapment is probably incapable of 
acting as effective physical barriers.  
    Research aim: The research aim is to explore which wheat proteins play the role of inhibiting the 
digestion of starch entrapped by gluten network. Gluten powder purchased and extracted from durum 
wheat variety would be subjected to incubation with α-amylase to isolate the protein components 
with the capacity of inhibiting starch digestion, before a further characterization using liquid 
chromatography-mass spectrometry to understand their chemical nature.  
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1.6. Supplementary materials  
    Table S 1.1. .Effect of processing on starch digestibility (Singh et al., 2010). a and b expressed as rapidly 
and slowly digestible starch; c and d expressed starch digestibility and hydrolysis index respectively. Rapidly 
and slowly digestible starch values are based on measured product release at 20 min and 100 min. 
Processing Starch digestibility  Reference 
Cooking 34 %a (Roopa et al., 2008) 
Pressure cooking 42%a  
Autoclaving 39.7%a  
Re-autoclaving 37.3%a  
Puffing 33.4%a  
Roasting 37.2%a  
Baking 7.2%a  
Frying 11.2%a  
Germination 15.4%a  
Malting 15.5%a  
Toasting 31.8%a  
Gamma irradiation 75.2%a (Chung & Liu, 2009) 
Sheeting of pasta Dough (3 passes) 156b (Kim et al., 2008) 
Sheeting of pasta Dough (45 passes) 217b  
Dehulled beans 151c (Alonso et al., 2000) 
Germinated (48 h) beans 178c  
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Extruded beans 306c  
Popped amaranth seeds 112d (Capriles et al., 2008) 
Cooked amaranth seeds 96d  
Flaked amaranth seeds 120d  
Extruded amaranth seeds 93d  
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  Highlights  
• Sequential steps in pasta hydrolysis are quantified. 
• The observed hydrolysis rates are related to structural features. 
• The compact structure of pasta protects the gluten from proteolysis. 
• The intact gluten network reduces the rate of starch hydrolysis. 
• Evidence is presented for interactions between α-amylase and gluten. 
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Abstract 
    The aim of the present study is to characterise the influence of gluten structure on the kinetics of 
starch hydrolysis in pasta. Spaghetti and powdered pasta were prepared from three different cultivars 
of durum semolina, and starch was also purified from each cultivar. Digestion kinetic parameters 
were obtained through logarithm-of-slope analysis, allowing identification of sequential digestion 
steps. Purified starch and semolina were digested following a single first-order rate constant, while 
pasta and powdered pasta followed two sequential first-order rate constants. Rate coefficients were 
altered by pepsin hydrolysis. Confocal microscopy revealed that, following cooking, starch granules 
were completely swollen for starch, semolina and pasta powder samples. In pasta, they were 
completely swollen in the external regions, partially swollen in the intermediate region and almost 
intact in the pasta strand centre. Gluten entrapment accounts for sequential kinetic steps in starch 
digestion of pasta; the compact microstructure of pasta also reduces digestion rates. 
Keywords 
Pasta structure; Gluten entrapment; Starch digestion rate 
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2.1.  Introduction  
    Pasta is a widely consumed carbohydrate-based food with a relatively low glycemic index (GI). 
Consumption of foods with a low glycemic index may help to reduce the risk of metabolic diseases, 
such as type 2 diabetes, cardiovascular disease and obesity (Bonora & Muggeo, 2001; Ludwig, 2002; 
Morris & Zemel, 1999), although there are significant problems with the statistical validity of GI 
measurements (DeVries, 2007; Jones, 2008; Whelan, Hollar, Agatston, Dodson & Tahal, 2010). It 
has been confirmed by many in vitro (Colonna et al., 1990; Fardet et al., 1998; Riccardi, Clemente & 
Giacco, 2003) and in vivo (Berti, Riso, Monti & Porrini, 2004; Granfeldt et al., 1991b; Jenkins et al., 
1981; Monge, Cortassa, Fiocchi, Mussino & Carta, 1990) experimental results that starch digestion 
in pasta proceeds more slowly than in other comparable starchy foods. The mechanism by which 
pasta exhibits a lower GI can be generally attributed to two aspects of its structure. The first is its 
compact and relatively dense local microstructure, which limits the surface area where the digestive 
enzymes can access available starch (Jenkins et al., 1983), and which prevents starch granules from 
being hydrothermally swollen during cooking (Heneen et al., 2003; Sissons et al., 2010). The second 
is the presence of a continuous gluten matrix, which entraps starch granules and reduces the 
accessibility of α-amylase to starch entrapped by the gluten network, as has been demonstrated by a 
number of workers (Colonna et al., 1990; Cunin et al., 1995; Dexter, Dronzek & Matsuo, 1978; 
Favier et al., 1996; Singh et al., 2004; Sissons et al., 2010).  
    The effect of pasta structure on starch digestion rates can be characterised by measuring the 
percentage of starch digested as a function of time. One of the most widely used methods is the 
Englyst classification system, in which the acronyms RDS, SDS and RS were created for rapidly and 
slowly digestible starch, and resistant starch, respectively (Englyst, Englyst, Hudson, Cole & 
Cummings, 1999).  The starch digestion rate can be further characterised by utilising digestion 
curves to calculate hydrolysis indices (HI), equal to the area under digestibility curves (AUC) 
between the starting time and a selected completion time (Aravind, Sissons & Fellows, 2011; 
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Butterworth, Warren, Grassby, Patel & Ellis, 2012; Edwards, Warren, Milligan, Butterworth & Ellis, 
2014)However, these methods are limited in the degree to which they allow for a rigorous, 
quantitative comparison of the rates and extents of starch digestion, and cannot be used to detect 
changes in the digestion rate constant quantifiably as starch digestion proceeds. One means of 
overcoming this limitation is an empirical, modified first-order kinetic model (Goñi et al., 1997) and 
the accompanying logarithm of the slope (LOS) plot (Poulsen, Ruiter, Visser & Iversen, 2003), 
which allows for sequential first-order steps, previously applied to characterise the reaction rate of 
starch amylolysis (Butterworth et al., 2012; Patel, Day, Butterworth & Ellis, 2014). The LOS plot 
can reveal whether the reaction rate constant remains unchanged throughout the whole reaction, by 
demonstrating if there is a linear relationship between the time (t) and logarithmic form of digestion 
data (ln (dC/dt)) (Poulsen et al., 2003). The LOS plot can reveal two or more first-order kinetic steps, 
in which each slope can provide the rate coefficient. A food matrix, such as cooked pasta, may 
contain starch fractions in different structural environments. These could be starch that is totally 
gelatinised in the external region (the outer ring of the cylindrical section of cooked pasta) or 
dispersed into solution; partially swollen and gelatinised in the intermediate region (transition area 
between the outer and inner sphere of the cylindrical section of cooked pasta); and intact in the 
central region (the inner part of the cylindrical section of cooked pasta) (Heneen et al., 2003). LOS 
plots assist in understanding how structural differences may affect starch digestion rates. Another 
advantage of this method is that it enables the product concentration to be predicted at the end of the 
reaction, thus avoiding the need to carry out prolonged digestions that may result in unacceptable 
errors because of end-product inhibition or enzyme inactivation (Edwards et al., 2014).  
    The aim of this study is to explore the roles that the gluten network and pasta microstructure play 
in the kinetics of starch digestion in pasta. Therefore, in this study, the modified first-order kinetic 
model and LOS plot are used to obtain the instantaneous reaction rate of in vitro starch digestion 
during the progress of pasta digestion. The aim is to observe differences in digestion rate constants 
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that may arise as a result of the digestion of different starch structures of cooked pasta. Meanwhile, 
in order to characterise the effect gluten entrapment plays in reducing starch digestion rates, pepsin 
hydrolysis is employed to hydrolyse the gluten network, mimicking the effect of stomach 
digestion in vivo, and changes in the starch digestion rate as a result of the destruction of the gluten 
network are observed. 
    An essential complement to kinetic characterisation is also used: morphological characterisation. 
This is implemented using confocal laser microscopy, which visualises the nature of the starch and 
protein components during the whole digestion process. 
2.2. Materials and methods  
2.2.1. Materials  
    Three commercial durum wheat varieties (Jandaroi, Caparoi and Yawa) were sourced from a large 
field trial grown at the Wagga Wagga Agricultural Research Station (NSW, Australia) in the 2011 
season. Semolina was obtained from the grain of these varieties using a laboratory scale Buhler 
MLU202 mill according to procedures described elsewhere (Sissons & Hare, 2002b). Pepsin (Sigma 
P-6887, from gastric porcine mucosa), α-amylase (Sigma A-6255, from porcine pancreas, 
1173 U/mg, one unit liberates 1.0 mg of maltose from soluble starch in 3 min at pH 7.0 at 37 °C) and 
amyloglucosidase (Megazyme E-AMGDF, 0.16 U/mg, one unit liberates 1.0 mmol of maltose from 
soluble starch in 1 min at pH 7.0 at 37 °C) were used. All other chemicals were of analytical grade. 
2.2.2. Preparation of purified starch, pasta and pasta powder  
    Purified starches were obtained using a slight modification of (Vansteelandt & Delcour, 1999), as 
described. Semolina (140 mg) was steeped in 50 ml 0.2 (w/v) % sodium bisulfite at room 
temperature overnight. The samples were centrifuged, the supernatants decanted and the pellet 
resuspended in 80 (w/v)% ethanol, before being centrifuged to remove ethanol and left to dry at 
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50 °C for two days prior to storage. The semolina was processed into pasta using a small-scale 
extruder as described elsewhere (Sissons, Gianibelli & Batey, 2002a).  Pasta was dried at 65 °C at 70% 
RH for 45 min, then for 13 h at 50 °C and 80–70% RH followed by cooling to 25 °C at 55% RH for 
4 h. The pasta was kept at room temperature for a minimum of one week to stabilise moisture 
movement before further analysis (Sissons et al., 2002a), and the diameter can be seen in Table 
S2.1.(Aravind, Sissons, Fellows, Blazek & Gilbert, 2012) presented X-ray scattering data for pasta 
prepared using this technique, indicating that starch in the uncooked pasta is still in its native state. 
The spaghetti strands were ground using a coffee grinder at room temperature for 30 s into a powder 
(see particle size distribution in Fig. S2.1). 
2.2.3. Composition of durum wheat semolina  
    The starch content of durum wheat semolina and the ground pasta powder was measured using a 
Megazyme total starch (AA/AMG) assay kit. Briefly, 100 mg of sample was weighed into a 15 ml 
centrifuge tube, and 0.2 ml of aqueous ethanol (80% v/v) was added to disperse the sample. A blank 
was also prepared without sample addition. To this, 2 ml of DMSO was added, and the tube was 
mixed using a vortex mixer for 30 s, before being placed into a boiling water bath for 5 min. 
Thermostable α-amylase solution was prepared by diluting 1 ml of the solution provided in the kit 
into 30 ml of MOPS buffer (50 mM, pH 7), and 3 ml of this solution was added to each tube, before 
incubating in a boiling water bath for a further 12 min. The tube was allowed to cool and 4 ml of 
sodium acetate buffer (200 mM, pH 4.5) was added. Amyloglucosidase solution (0.1 ml) (as 
provided by the manufacturer) was added, and the tubes were incubated in a water bath at 50 °C with 
shaking for 30 min. From these tubes, 0.1 ml was removed, and diluted to 1 ml using deionised water, 
before centrifuging at 1180 g for 10 min. A 0.1 ml volume of supernatant was removed and analysed 
for glucose as described by the manufacturer. Semolina protein was determined using in-house 
calibrations on a NIR System 6500 spectrophotometer (Foss, Hillerød, Denmark) as a single scan. 
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The NIR system was calibrated using the method described in (Sissons, Osborne & Sissons, 2006). 
The moisture content was measured, in triplicate, by drying the samples in an oven at 105 °C 
overnight and recording the weight loss of moisture, following AACCI method 44-40.01. The 
composition percentage of the three durum wheat semolina samples is shown in Table S2.1. 
2.2.4. Enzyme solution  
    Pepsin with a concentration of 1.0 mg/ml was dissolved in hydrochloric acid (0.02 M); porcine α-
amylase/amyloglucosidase enzyme mixture was prepared composed of 135.26 U porcine α-amylase 
and 1.23 U amyloglucosidase per 5.0 ml in a 0.2 M sodium acetate buffer (pH 6.0) containing 
calcium chloride (200 mM) and magnesium chloride (0.49 mM). 
2.2.5. In vitro digestion 
    In vitro starch digestion was carried out in duplicate using a slight modification of the method of 
(Muir, Birkett, Brown, Jones & O'Dea, 1995). Semolina, purified starch derived from the semolina, 
one whole spaghetti strand of length around 35 mm and pasta powder samples containing 90 mg of 
starch each as determined in Section 2.2.3, were cooked in a flask with 6.0 ml of deionised water at 
100 °C for 10 min. After cooling to 37.0 °C in a water bath, 5.0 ml of pepsin solution (1 mg/ml) in 
0.02 M HCl was added to the samples. Controls with 5.0 ml of 0.02 M HCl (without added pepsin) 
were also prepared. After incubation at 37.0 °C for 30 min, 5.0 ml of 0.02 M NaOH was added to 
neutralise the solution, followed by addition of 5.0 ml of porcine α-amylase/amyloglucosidase 
enzyme mixture (in acetate buffer, pH 6) to the flask. The total 21.0 ml reaction solution was 
incubated at 37.0 °C in a water bath in a sealed flask, stirred with a magnetic stirrer bar at 50 rpm, 
with 100 μl aliquots removed at a range of time points and dispersed into 900 μl of absolute ethanol 
to terminate the reaction. 
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2.2.6. Measuring the amount of starch digested 
    Digestion solution from the above section (100 μl, containing 90% ethanol) was added to 3.0 ml of 
glucose oxidase/peroxidase determination reagent (GOPOD Reagent – Megazyme). Samples were 
then incubated at 50 °C for 20 min. A 100 μl sample of D-glucose solution (1.0 mg/ml) was used as a 
standard and 100 μl of ethanol was used as a blank. After cooling to ambient temperature, the 
absorbance at 510 nm was recorded by a UV-1700 Pharma Spectrophotometer (Shimadzu), 
subtracting the absorbance of the blank. The ratio of starch digested was calculated using the 
following equation: 
Starch Digested = ∆𝐴 (Sample) ×
100 µL ×1.0 mg/ mL
 ∆𝐴 (D−Glucose Standard)
× 10 × 210 ×
100 %
90 mg
×
162
180
                         (1) 
    Here the absorbance at each time point is denoted ΔA (Sample), and the absorbance from the 
standard D-glucose solution is given as ΔA (D-Glucose Standard). The value 10 × 210 is the 
computational multiple from 100 μl aliquots to 21.0 ml reaction solution, and 162/180 is the 
transformation coefficient from starch (monomer unit anhydroglucose) to glucose in weight. 
2.2.7. Fitting to first-order kinetics 
    Starch digestion data have often been fitted to a first-order equation: 
Ct = C∞ (1 – e–kt)                                                                                                                      (2)  
    where Ct is the percentage of starch digested at a given time (t), C∞ is the estimated percentage of 
starch digested at the end point of the reaction, and k is the starch digestion rate coefficient. In order 
to obtain the values of k and C∞, Eq. (2) can be transformed into a LOS plot where there is a linear 
relationship between ln(dCt/dt) and k, as shown in Eq. (3): 
ln(dCt/dt) = –kt + ln(C∞k )                                                                                                  (3)  
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    k and C∞ are calculated from the slope (–k) and intercept (ln(𝐶∞𝑘)), respectively. The slope in 
this study was estimated from the second-order finite-difference formula ln[(Ci+1 –Ci–1)/ (ti+1 – ti–
1)] as functions of (ti+1 + ti–1)/2 for all except the first and last points, which were ignored. The 
resulting k and C∞ were used to construct model-fit starch digestion curves according to Eq. (2), and 
residuals analysis was employed to compare experimental data to the starch digestion curves 
generated by the model fit. 
    For substrates containing starch fractions digested at a single rate, the LOS plot is linear, while 
others may have multiple distinct linear phases. Therefore the whole starch digestion can be 
expressed by a piecewise function: 
𝐶𝑡 =
{
 
 
 
 𝐶1 + 𝐶1∞(1 − 𝑒
−𝑘1𝑡),         0 ≤ 𝑡 ≤  𝑡1
𝐶2 + 𝐶2∞(1 − 𝑒
−𝑘2𝑡),         0 ≤ 𝑡 ≤  𝑡2
……
     𝐶𝑛 + 𝐶𝑛∞(1 − 𝑒
−𝑘𝑛𝑡),         𝑡𝑛−1 ≤ 𝑡 ≤ 𝑡𝑛
                                                                                (4) 
    where n  depends on the number of phases. In each phase, kn  and C n ∞  represent corresponding 
starch digestion rate coefficients and estimated percentages of starch digested at the reaction end-
point. The starting percentage of starch digestion in each phase is represented by Cn and tn is the 
corresponding terminal time (Edwards et al., 2014). 
2.2.8. Measuring the amount of protein hydrolysed 
    Semolina, one whole spaghetti strand and pasta powder samples containing 90 mg of starch each 
were cooked in a flask with 5.0 ml of deionised water at 100 °C for 10 min. After cooling to 37.0 °C 
in a water bath, 5.0 ml of pepsin solution (1 mg/ml) in 0.02 M HCl was added to the samples. The 
reaction was halted by adding 5.0 ml of 0.02 M Na2CO3 at 0, 5, 10, 20 and 30 min. The reaction 
mixture was centrifuged and 500 μl aliquots of supernatant were removed and diluted with 500 μl 
water. The amount of protein components solubilised was measured by the Thermo Scientific™ 
Pierce™ BCA Protein Assay Kit using BSA as a reference standard. A 0.1 ml volume of each 
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standard or sample was added into 2.0 ml working reagent, and incubated at 37 °C for 30 min. After 
the samples were allowed to cool to room temperature, the absorbance was measured by a UV-1700 
Pharma Spectrophotometer (Shimadzu) set to 562 nm. The ratio of protein hydrolysed was calculated 
using the following equation: 
Protein Hydrolysed = ∆𝐴 (Sample) ×
𝐶(BSA,mg/mL )
 ∆𝐴 (BSA) 
× 10 × 30 ×
100 %
𝑀(Protein,mg)
                (5) 
    Here the absorbance at each time point is denoted ΔA (Sample), and the absorbance from the 
standard BSA solution with certain concentration (C (BSA, mg/ml)) is given as ΔA (BSA). The 
value 10 × 30 is the computational multiple from 100 μl aliquots to 15.0 ml reaction solution, 
and M (Protein, mg) is the total mass of protein in each sample. 
2.2.9. Confocal scanning laser microscopy (CSLM) 
    Cooked pasta samples were sectioned as thin as ∼1 mm using a razor blade; cooked purified 
starch, cooked semolina and cooked pasta powder samples were sampled as ∼0.5 ml of solution 
(90 mg starch/6.0 ml distilled water) prior to in vitro starch digestion (see Section 2.2.5), and was 
pipetted onto a microscope slide. Sections and solution samples were stained for 30 min with 
fluorescein isothiocyanate (FITC) (1.0 ml, 0.05% w/v) and Rhodamine B (1.0 ml, 0.05% w/v), 
respectively (Kim et al., 2008). Rhodamine stains the protein red and FITC stains both protein and 
starch granules green. Samples were rinsed in distilled water and then mounted in water on glass 
cavity slides and sealed with a cover slip and nail varnish, before they were viewed promptly using a 
ZEISS LSM700 confocal microscope with dual excitation. A FITC and a tetramethylrhodamine 
isothiocyanate filter block were used for the excitation of the two dyes under wavelengths of 488 and 
555 nm, respectively. 
    α-amylase labelled with FITC using the procedure of (Dhital, Warren, Zhang & Gidley, 2014) was 
employed to digest the cooked pasta. The FITC fluorophore can be introduced with retention of 
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activity of the α-amylase, as detailed in (Dhital et al., 2014), and allows the movement of the enzyme 
to be tracked as it diffuses and binds to the substrate. The same activity of labelled α-amylase 
(30 U/ml; assayed after FITC labelling) was employed as was used in the in vitro digestion 
experiments (Section 2.2.5). Rhodamine B was employed as an additional stain to identify gluten in 
the pasta sections as described above. The Rhodamine B (1.0 ml, 0.05% w/v), was added following 
digestion by the FITC labelled α-amylase. Sections were viewed, as described previously, after ∼10% 
of the starch had been digested. 
2.2.10. Statistical analysis 
    The statistical significance of starch digestion rate constants was analysed using one-way ANOVA 
and multiple comparison test with least significant difference adjustment at P value <0.05. Initial 
data analysis and linear regression fitting was carried out in Microsoft Excel. Further statistical 
analysis of the data was carried out in IBM SPSS Statistics version 21. 
2.3. Results  
2.3.1. Modelling of starch digestion curves 
    All k  and C∞ values are presented in Tables S 2.2–S 2.4, and applied to construct model-fit curves 
according to Eq. (4), to check that the experiment data is well fitted by the kinetic parameters. Low 
mean residual values and SDs were observed (Fig. S 2.2), indicating that the experimental data are 
well fitted and thus k  and C∞ values obtained by the LOS fitting procedure may be considered 
reliable. 
    Typical experimental starch digestion curves are shown for Jandaroi durum semolina and its 
derived processed samples: purified starch, pasta and pasta powder (Fig. 2.1). A visual comparison 
of k and C∞  values for starch digestion of different samples can be seen in Fig. 2.2. Starch digestion 
is initially rapid, then slows with time following an exponential curve. After transformation of the 
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data into LOS plots, the purified starch shows one linear step with one rate coefficient k which did 
not alter significantly when pepsin hydrolysis was introduced prior to starch digestion (Figs.  2.1g 
and h, 2.2 and Tables S 2.5–S2.7). Similarly, a single linear step was observed for starch digestion of 
semolina samples with a single k value that was not significantly different to that of purified starch 
(Figs.  2.1e and f, 2.2 and Tables S2.5–S2.7). However, for pasta, k values were decreased 
significantly compared to the semolina (Fig. 2.1a and b and Tables S 2.5–S2.7). There are two 
distinct linear steps for the starch digestion of pasta, where ∼20% of starch is digested in the first 
phase with a quicker rate constant (k1) and the remainder of the starch is digested in the second stage, 
with a slower rate constant (k2), almost 10-fold lower than for semolina (Fig. 2.2 and Tables S2.2–
S2.4). Pepsin hydrolysis of pasta brought about a significant increase of the k1 value but no 
significant increase of the k2 value (Tables S2.5–S2.7). It has previously been suggested that there 
may be two distinct steps for starch digestion in pasta (Fardet et al., 1998), but these workers 
identified these steps through visual inspection of starch digestion curves and were unable to provide 
quantifiable evidence of two separate starch digestion rate coefficients. 
    After the pasta is ground into pasta powder, the k values in the absence of pepsin hydrolysis 
increase significantly compared to pasta; with pepsin hydrolysis, prior to in vitro starch digestion, 
pasta powder was only digested at a single rate constant, similar in magnitude to the k1 rate constant 
for digestion of pasta following pepsin hydrolysis (although it should be noted that the majority of 
pasta digestion following pepsin hydrolysis occurred at a second, significantly slower, rate constant) 
(Tables S2.5–S2.7). Two distinct steps may be observed in the pasta powder without pepsin 
digestion (Fig. 2.1d), with as much as ∼50–60% of the starch being digested in the first step at a 
faster rate than the remaining starch digested in the second stage (Fig. 2.2 and Tables S2.2–S2.4). 
This was not observed in the pepsin treated sample (Fig. 2.1c). More starch was degraded in pasta 
powder compared to semolina and this may be due to the smaller particle size in the pasta powder 
due to finer grinding than occurs for the production of semolina. Following pepsin hydrolysis, the 
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total amount of starch hydrolysed (C∞) remained unchanged for the whole pasta sample, but it 
significantly increased in the semolina and to a lesser degree in the pasta powder samples.  
 
    Fig. 2.1. Typical starch digestion curves, model-fit curves and LOS plots from Jandaroi pasta (a, b), pasta 
powder (c, d) and durum wheat semolina (e, f) and purified starch (g, h) with pepsin treatment (a, c, e, g) and 
without pepsin treatment (b, d, f, h). All of the points in the LOS plots are linearly treated by least-squares fit. 
For a, b and d, the LOS plots can be divided into two parts with linear lines of different slope. The R-squared 
values relate to the LOS plots. The part of the LOS plot describing k1 is shown in red, and the part 
describing k2 is shown in green. Digestion data are shown in blue and model-fit curves in a black dotted line. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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    Fig. 2.2. Values of starch digestion rate constants (k min−1) at each phase and corresponding estimated 
percentage of starch digested (C∞ %). Starch digestion following pepsin hydrolysis in red. Starch digestion 
following no pepsin hydrolysis in blue. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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2.3.2. Starch and gluten structure observed by CSLM 
    Morphological differences of the starch and protein components in cooked semolina, pasta and 
pasta powder are revealed using CSLM (Fig. 2.3). In Fig. 2.3, the three upper panes represent cooked 
semolina, pasta and pasta powder, respectively; the other panes represent the central (d,e,f), 
intermediate (g,h,i) and external regions (j,k,l) of a cooked pasta strand with a starch digestion extent 
of 0%, 20% and 80%. The starch is stained by FITC in green while the protein components stained 
by FITC and Rhodamine B are yellow. The protein components in semolina had not hydrated and 
did not form a gluten network, which is why there appears to be no clear protein network (Fig. 2.3, 
upper-left pane). However, in the cooked pasta sample, a clear protein matrix is visible which forms 
during the pasta manufacturing process. The starch granules in cooked semolina swelled completely, 
showing no clear granular structure but those in cooked pasta remained largely intact and not fully 
swollen. Once the pasta structure was degraded by grinding into a powder, starch granules were no 
longer protected from swelling and readily gelatinised, with no clear granular structure. 
    The appearance of the starch granules varied from the surface to the central regions of the whole 
intact pasta: completely swollen in the external region (Fig. 2.3j–l), partially swollen in the 
intermediate region (Fig. 2.3g–i) and almost intact in the central region of the pasta strand (Fig. 2.3d–
f). Similar morphological differences among the three regions were observed independent of the 
degree of starch digestion, from 0% to 20% and 80%. 
    A section of cooked pasta hydrolysed by FITC-labelled α-amylase (FITC labelling in green) is 
shown in Fig. 2.4. It can be seen that starch granules in the central region (Fig. 2.4a) of cooked pasta 
were entrapped firmly and were inaccessible to α-amylase, with very little FITC labelling, whereas 
starch granules that had not been entrapped were being digested. As for starch in the external 
(Fig. 2.4c) and intermediate (Fig. 2.4b) regions, they were mostly digested, as there were few intact 
starch granules that could be observed, and little FITC labelling; however, α-amylase-labelled FITC 
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was still attached to the gluten network (indicated by the yellow colour, resultant from the co-
localisation of rhodamine B- and FITC-labelled α-amylase in the gluten). 
 
    Fig.2.3. Confocal scanning laser microscopy of cooked semolina, cooked pasta and cooked pasta powder. 
The samples were stained with FITC and Rhodamine B and the starch granules (S) and gluten network (G) are 
shown in green and yellow, respectively. Panes a, b and c show cooked semolina, cooked pasta and cooked 
pasta powder, respectively. Panes d–l refer to cooked pasta: d–f represent the central, g–i the intermediate and 
j–l the external regions of the sample, respectively. Labels d, g and j represent 0%; e, h and k represent 20%; 
and f, I and l represent 80% of the sample starch having been digested. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)  
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    Fig.2.4. Confocal scanning laser microscopy of a section of cooked pasta hydrolysed by α-amylase labelled 
with FITC and stained by Rhodamine B. Labels a, b, and c represent central, intermediate and external regions, 
respectively. Starch granules are indicated with S; partially digested starch granules with SD; FITC labelled α-
amylase with α-F; and gluten with G. 
2.3.3. Hydrolysis of protein components 
    The percentages of protein hydrolysed by pepsin for each wheat sample can be seen in Fig. 2.5. 
The gluten in pasta was only hydrolysed very slowly by pepsin, with no gluten digested by 30 min; 
whereas the protein components in semolina (gliadin and glutenin proteins) and pasta powder 
(disrupted gluten network) were degraded much more rapidly and to a greater degree, up to 45%. 
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    Fig. 2.5. Percentage of protein hydrolysed by pepsin digestion of semolina, pasta and pasta powder. 
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2.3.4. Comparing starch digestion of pasta between genotypes 
    The three genotypes of durum wheat semolina employed in the present study differ in their starch, 
protein and moisture contents. They have the same low molecular weight glutenin subunit (LMW-
GS) allele. However, Caparoi semolina has high molecular weight glutenin subunits (HMW-GS): 
Glu-A1 null, Glu-B1 7 + 8, different from Jandaroi or Yawa semolina which have HMW-GS: Glu-
A1 null, Glu-B1 6 + 8 (Table S2.1) (determined by SDS–PAGE, personal communication, Dr. M. 
Sissons). It can be seen in Table S2.8 that there are no clear differences in the starch digestion rates 
of purified starch, pasta and pasta powder between the three different genotypes; Jandaroi and Yawa 
semolina had similar starch digestion rates which were not altered significantly by pepsin hydrolysis; 
however, Caparoi semolina showed significantly higher starch digestion rates than Yawa semolina 
(P value 0.025) and somewhat higher starch digestion rates than Jandaroi semolina, although not 
quite reaching statistical significance (P value 0.061). Pepsin hydrolysis reduced the Caparoi 
semolina k to a value insignificantly different from Jandaroi or Yawa semolina. 
2.4. Discussion  
2.4.1. Effect of the compact structure of pasta on starch digestion rate 
    The starch granules of semolina, pasta and pasta powder were shown to swell to different degrees 
after cooking. As seen in Fig. 2.3, most of the starch granules in semolina and in pasta powder were 
able to swell completely after cooking, and the starch was rapidly digested; this indicates that these 
starch granules were hydrolysed at the same time as they were available to α-amylase. However, the 
starch granules in pasta were not degraded evenly, with different structural features present between 
the external and central region of the pasta strand; the starch granules were degraded completely in 
the external region (Fig. 2.3 j–l), partially degraded in the intermediate region (Fig. 2.3 g–i) and 
almost intact in the central region (Fig. 2.3 d–f). Similar phenomena were also reported in previous 
studies, with the internal structure of pasta after cooking being divided into three regions: external, 
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intermediate and central regions (Cunin et al., 1995; Heneen et al., 2003; Petitot et al., 2009a). The 
external region of cooked pasta was clearly distinguished from the intermediate and central regions, 
as starch granules in the external region were largely deformed during cooking and were therefore 
characterised by having larger swollen starch granules surrounded by thin protein films (Petitot et al., 
2009a). In contrast, starch granules in the intermediate region were only partly swollen and were 
embedded in a coagulated and dense protein network (Fardet et al., 1998; Heneen et al., 2003).  The 
starch granules in the centre of the strand were not fully gelatinised, because of restrictions to 
swelling of the starch granules due to the compact structure of the gluten network, as well as 
unavailability of water due to competition with the gluten network (Cunin et al., 1995). Notably, it 
can be seen from our results that even when starch digestion proceeds from 20% to 80%, there were 
still these morphological differences between starch granules located in different regions of the pasta 
strand (Fig. 2.3 e,h,k and f,i,l), which indicates that the starch granules in pasta are digested layer by 
layer from the external region towards the central region. 
    Fig. 2.1 illustrates that the starch granules in pasta, unlike those in semolina, are digested 
asynchronously. Specifically, in the early stages of digestion, starch granules in the external region 
were digested quickly, as they were completely swollen and closer (and thus more available) to 
enzymes; the starch granules in the intermediate region were digested slowly, as they were partially 
swollen and only had contact with a small amount of the enzymes; the starch granules in the central 
region remained undigested as they were almost intact and so inaccessible to enzymes. However, 
given enough time, these middle and central regions will eventually degrade, as under CSLM (Fig. 
2.3), all starch granules are seen to disappear. 
    To summarise, as the enzymes penetrated the pasta, starch granules showing different degrees of 
swelling were digested sequentially from the external region towards the central region, as observed 
by CLSM in Fig. 2.3. This sequential digestion through the pasta structure reduces the reaction area 
and contributes to the significantly different reaction rates observed during the two starch digestion 
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phases. The dramatic increase in digestion rate constant when the pasta is ground prior to cooking 
provides evidence in support of this conclusion (Fig. 2.1 c and d). After destruction of the pasta 
structure by grinding, many of the starch granules were no longer fully encapsulated with gluten, 
making them more like the starch granules in semolina (Fig. 2.3); the granules are more accessible to 
enzymes and can swell completely, accelerating the starch’s digestibility. 
    The compact structure of pasta is also able to protect the gluten network from being degraded by 
pepsin. As is shown in Fig. 2.5, very little of the gluten, in pasta, was degraded during 30 min of 
pepsin hydrolysis. In contrast, the protein components in semolina and in pasta powder were 
degraded to a high degree within the first 5 min of the pepsin hydrolysis. Pepsin hydrolysis brought 
about a significant increase in the value of k1, while only producing a slight increase in the value 
of k2, suggesting that pepsin hydrolysis of intact pasta is confined to the external regions of the pasta, 
and that the pepsin did not penetrate the inner gluten network where the starch is firmly entrapped. 
Pepsin hydrolysis of the whole pasta did not bring about a significant difference in the C∞ value, 
presumably as there was not enough of the gluten network hydrolysed to alter the amount of starch 
available to the enzyme. Semolina and pasta powder samples, where more of the protein components 
(gluten and gliadin proteins in semolina, and mechanically disrupted gluten in pasta powder) were 
hydrolysed, showed a significant increase in C∞ following proteolysis (a larger increase was 
observed for semolina than pasta powder). This may be attributed to the protein components, which 
may reduce accessibility of the starch to amylase hydrolysis, being degraded by proteolysis. 
2.4.2. Effect of different high molecular weight glutenin subunits on starch digestion 
rate 
    The starch digestion rates of purified starch, pasta and pasta powder did not show significant 
differences between Jandaroi, Caparoi and Yawa, even though the semolina used to make these 
samples differed in their HMW-GS composition. However, the different HMW-GS composition 
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observed may affect the starch digestion rates of semolina. The natural protein components in 
Jandaroi and Yawa semolina (with HMW-GS: Glu-A1 null, Glu-B1 6 + 8) appear to exert little 
influence on starch digestibility. In the present study the starch digestion rate constants of the two 
semolina following pepsin hydrolysis treatment remained almost unchanged (Fig. 2.1 e and f 
and Tables S2.5 and S2.7), even though a large proportion of the protein components in the semolina 
were degraded (Fig. 2.5). These two semolina samples were similar in their starch digestion 
behaviour to that of purified starch (Tables S2.5 and S2.7), which has had almost all the non-starch 
components and protein removed. In contrast, the natural protein components in Caparoi semolina 
(with HMW-GS: Glu-A1 null, Glu-B1 7 + 8) appear to exert significant influence on starch 
digestibility, as the Caparoi semolina following no pepsin hydrolysis had a significantly 
higher k value than the one with a large proportion of the protein components degraded by pepsin 
(Table S2.6). 
    It should also be noted that the estimated percentages of starch digested at the reaction endpoint 
(C∞) were around or less than 80% for starch digestion in all three semolina, while (C∞) of around 90% 
or greater was observed for starch digestion of purified starch, pasta, pasta powder and semolina 
hydrolysed by pepsin (Fig. 2.2 and Tables S2.2–S2.4). While from the present data we can only 
speculate on the reasons for this, it may be inferred that there could be a fraction of the starch 
granules that are combined with natural protein components in the semolina in such a way as to 
inhibit the activity of α-amylase. Another possibility might be that the larger particles of semolina 
include interior endosperm cells with intact cell walls (Edwards et al., 2014). As for HMW-GS, Glu-
B1 7 + 8 seems more able than Glu-B1 6 + 8 to inhibit the activity of α-amylase, possibly by 
interacting with the starch granules, reducing the availability of starch for digestion. However this 
conclusion remains speculative due to the limited number of durum cultivars available in the present 
study. Meanwhile other factors, such as polymeric molecular weight distribution of the glutenin may 
also play a vital role, which should be considered in future research. 
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2.4.3. Effect of gluten entrapment on starch digestion rate 
    After the semolina was kneaded and extruded into pasta, the protein components were hydrated 
and energy was imparted through mixing to form a gluten network which entraps the starch granules. 
In Fig. 2.1 and Fig. 2.2 and Tables S2.2–S2.4 quantitative evidence for the role and mechanism of the 
gluten network in reducing the rate of starch digestion in pasta is provided. Pepsin hydrolysis of 
whole pasta brings about a significant increase in the value of k1 for subsequent starch digestion, 
indicating that degradation of the gluten network increases the access of starch degrading enzymes to 
the more rapidly digested fraction of the starch in pasta; pepsin hydrolysis also leads to the 
disappearance of the second, slower, starch digestion phase for pasta powder, resulting in similar 
digestion kinetics to the unprocessed semolina. In this case, it appears that the second, slower stage 
of starch digestion in pasta powder without pepsin was as a result of entrapment by the gluten 
network. The break-up of the compact structure of pasta through grinding to a powder increased the 
susceptibility of the gluten network to pepsin hydrolysis. As a result, when starch digestion was 
carried out following pepsin hydrolysis, the gluten network was fully degraded by the pepsin, freeing 
the entrapped starch, such that the starch digestion proceeded at a rapid rate in a single step. 
2.4.4. Mechanism of gluten entrapment on slowing starch digestion 
    The mechanisms by which the gluten network slows digestion rates of entrapped starch are not 
fully understood. The most common explanation is that the gluten network entrapping starch 
granules acts as a barrier to inhibit the accessibility of enzymes. It may also limit water absorption by 
starch granules, limiting the degree to which the starch is able to swell and hence gelatinise during 
pasta cooking in excess water, and limiting the ability of enzymes to access available starch and 
therefore decreasing the rate of starch digestion (Colonna et al., 1990). It is also possible that effects 
on starch digestion rate may be imposed by other components (non-starch polysaccharides (NSP) 
and lipid components), but this is beyond the scope of the present study, which focuses on the 
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protein components of pasta. The limits imposed on the diffusion of amylase by the gluten network 
cannot be the sole reason for the slow digestion kinetics observed for pasta, since the porosity of the 
gluten network can be as high as 0.5–40 μm (Fardet et al., 1998), large enough to allow α-amylase 
(size generally reported to be in the range 7–10 nm (Larson et al., 1994; Strobl et al., 1998) to diffuse 
freely. Therefore, some authors have suggested that the low starch digestion rates of pasta may be 
attributed to the tortuosity of the gluten network, which lengthens the pathway α-amylase must take 
to reach its substrate (Fardet et al., 1998).  An alternative suggestion is the possibility that α-amylase 
has a weak binding interaction with the gluten network, which retards the penetration of the enzyme 
into the gluten network. This hypothesis is supported by the finding that α-amylase from different 
origins could be effectively retained by wheat albumins, but this binding is reversed by adding 
maltose or gelatinised starch (Buonocore, Poerio, Gramenzi & Silano, 1975);  from this it can be 
inferred that α-amylase may also interact with protein components of gluten through a weak binding 
that can be reversed by maltose or soluble starch. More direct evidence can be seen in Fig. 2.4, 
supporting the hypothesis that FITC-labelled α-amylase was attached to the gluten network as the 
enzyme penetrated to hydrolyse the starch of cooked pasta. This kind of attachment may be 
attributed to α-amylase forming a weak interaction with the gluten network, in such a way as to 
retard the penetration of α-amylase and hence reduce starch digestion. 
2.5. Conclusions 
    LOS plots and confocal laser microscopy were used to characterise the digestion of starch in 
granules with different structures typical of pasta. Quantitative rate and morphological evidence was 
obtained to understand the role which gluten entrapment and compact microstructure play in 
reducing starch digestion rates. The natural protein components in semolina do not have a significant 
influence in altering starch digestion rates until they are hydrated to form a gluten network 
entrapping starch granules, and this network is further developed during pasta making and drying. 
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Besides gluten entrapment, the compact microstructure of pasta is another key factor in reducing 
starch digestion rates. It is able to prevent the starch granules in the central region from swelling 
during thermal gelatinisation, because of both confined space and a lack of water availability due to 
competition with the gluten network as water penetrates from external to central regions. From the 
data in the present study, we cannot rule out the influence of other, non-protein, components in pasta 
on starch digestion rates, but it is clear that the gluten matrix has a major influence on the rate of 
starch digestion. The compact microstructure is also able to reduce the accessibility of starch 
granules to enzymes by lowering the reaction area. Moreover, the compact structure can prevent 
pepsin from hydrolysing the inner gluten network in the pasta structure and subsequently reduce the 
digestion rate of the entrapped starch. Thus, in vitro starch digestion rates and morphological 
visualisation obtained for different structural features together explain the lower starch digestibility 
of pasta. 
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2.6. Supplementary materials 
 
Supplementary Fig. S 2.1. Particle diameter distribution of pasta powder. 
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    Supplementary Fig. S 2.2. Box-plot showing residuals for LOS models for samples pasta (a1, a2), pasta 
powder (b1, b2), semolina (c1, c2) and purified starch (d1, d2) from Jandaroi, Caparoi, and Yawa  with pepsin 
treatment (a1, b1, c1, d1) and without pepsin treatment (a2, b2, c2, d2). Boxplots show median and 
interquartile range of data and error bars indicate the 95% confidence interval.
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Supplementary Table S 2.1. Composition of three durum wheat semolina and diameter of pasta made from them. 
 Starch (%)* Protein (%)† Moisture (%)* Pasta diameter (mm) HMW-GS LMW-GS allele 
Jandaroi 62.54±0.14 12.43 13.82±0.011 1.859±0.008 Glu-A1 null, Glu-B1 6+8 aaa 
Caparoi 62.07±0.26 12.63 13.81±0.083 1.879±0.011 Glu-A1 null, Glu-B1 7+8 aaa 
Yawa 64.29±1.44 12.04 13.69±0.016 1.843±0.007 Glu-A1 null, Glu-B1 6+8 aaa 
HMW-GS refers to high molecular weight glutenin sbunits, LMW-GS refers low molecular weight glutenin subunits.* triplicate determinations, ± standard deviation. † From 
NIR, calibration precision ±0.2% 
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Supplementary Table S 2.2. Values of variables estimated from LOS analysis for all hydrothermally processed pasta, pasta powder, semolina and purified starch of Jandaroi samples. 
 Pasta Pasta (P) Pasta Powder Pasta Powder (P)  Semolina Semolina (P) Starch Starch (P) 
Single Phase or 
Rapid Phase I 
         
𝐶1  (%) 1.51±0.27 1.72±0.50 13.64±1.36 17.33±0.74  12.91±1.78 14.475±2.53 16.75±4.75 17.12±3.65 
𝑘1 (min
-1) 0.0162±0.0003 0.0292±0.0008 0.0629±0.0109 0.0350±0.0014  0.0410±0.0033 0.0368±0.0025 0.0456±0.0015 0.0448±0.0044 
𝐶1 ∞ (%) 27.84±2.34 22.13±2.12 53.21±3.11 75.20±2.86  65.44±1.67 78.95±3.42 76.92±6.22 77.76±1.85 
𝐶1 + 𝐶1 ∞ (%) 29.35±2.07 23.84±1.62 66.85±4.47 92.53±2.12  78.34±0.12 93.42±0.89 93.67±1.48 94.88±1.80 
𝐶I (%) 19.08±1.50 18.08±2.44 58.23 ±1.43 N/A  N/A N/A N/A N/A 
𝑡1(min) 60.00±0.00 45.00±5.77 30.00±0.00 N/A  N/A N/A N/A N/A 
Slower Phase II          
𝐶2  (%) 9.66±0.93 8.68±0.63 26.21±1.12 N/A  N/A N/A N/A N/A 
𝑘2 (min
-1) 0.0022±0.0002 0.0026±0.0003 0.0241±0.0003 N/A  N/A N/A N/A N/A 
𝐶2 ∞ (%) 82.40±10.45 80.89±14.96 61.66±0.73 N/A  N/A N/A N/A N/A 
𝐶2 + 𝐶2 ∞ (%) 92.01±11.38 89.56±14.33 87.87±0.39 N/A  N/A N/A N/A N/A 
Total          
𝐶 ∞ (%) 92.01±11.38 89.56±14.33 87.87±0.39 92.53±2.12  78.34±0.12 93.42±0.89 93.67±1.48 94.88±1.80 
a) P, which refers to samples followed pepsin hydrolysis prior to starch digestion. b) 𝐶1 and 𝐶2 are the starting ratios of starch digested at each phase; k is the rate constant of each phase; 
𝐶1 ∞ and 𝐶2 ∞ are the calculated ratios of starch digestion in the end of each phase; 𝐶1 + 𝐶1 ∞ and 𝐶2 + 𝐶2 ∞ are the estimated ratios of starch digestion in the end of each phase; 𝐶I is the 
actual ratio of starch digestion in the first phase; 𝑡1 is the intersected time between two phases; 𝐶 ∞ is the final ratio of starch digestion in the end. c) For the starch digestion with only 
one single phase, values for the second phase and intersected time are therefore not applicable (N/A). 
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Supplementary Table S 2.3. Values of variables estimated from LOS analysis for all hydrothermally processed pasta, pasta powder, semolina and purified starch of Caparoi samples 
 Pasta  Pasta (P) Pasta Powder Pasta Powder (P)  Semolina Semolina (P) Starch Starch (P) 
Single Phase or 
Rapid Phase I 
         
𝐶1  (%) 1.43±0.28 1.88±0.47 14.68±0.58 17.45±2.93  13.39±2.96 14.41±1.69 13.80±2.20 18.98±4.01 
𝑘1 (min
-1) 0.0172±0.0024 0.0271±0.0031 0.0708±0.0117 0.0322±0.0026  0.0510±0.0061 0.0362±0.0003 0.0422±0.0000 0.0469±0.0046 
𝐶1 ∞ (%) 25.79±1.07 21.60±1.12 47.69±3.28 80.15±2.69  62.21±5.15 77.38±2.34 81.69±2.19 76.28±2.44 
𝐶1 + 𝐶1 ∞ (%) 27.22±1.35 23.48±0.65 62.37±2.70 97.60±0.24  75.60±2.19 91.48±0.66 95.48±0.01 95.26±1.56 
𝐶I (%) 17.25±0.42 17.00±0.08 50.58±0.17 N/A  N/A N/A N/A N/A 
𝑡1(min) 55.00±5.77 45.00±5.77 20.00±0.00 N/A  N/A N/A N/A N/A 
Slower Phase II          
𝐶2  (%) 7.81±2.25 11.48±1.58 27.99±1.52 N/A  N/A N/A N/A N/A 
𝑘2 (min
-1) 0.0022±0.0005 0.0022±0.0003 0.0220±0.0007 N/A  N/A N/A N/A N/A 
𝐶2 ∞ (%) 82.60±8.78 80.05±11.24 64.06±2.29 N/A  N/A N/A N/A N/A 
𝐶2 + 𝐶2 ∞ (%) 90.42±11.03 91.53±12.82 92.05±0.76 N/A  N/A N/A N/A N/A 
Total          
𝐶 ∞ (%) 90.42±11.03 91.53±12.82 92.05±0.76 97.60±0.24  75.60±2.19 91.48±0.66 95.48±0.01 95.26±1.56 
a) P, which refers to samples followed pepsin hydrolysis prior to starch digestion. b) 𝐶1 and 𝐶2 are the starting ratios of starch digested at each phase; k is the rate constant of each phase; 
𝐶1 ∞ and 𝐶2 ∞ are the calculated ratios of starch digestion in the end of each phase; 𝐶1 + 𝐶1 ∞ and 𝐶2 + 𝐶2 ∞ are the estimated ratios of starch digestion in the end of each phase; 𝐶I is the 
actual ratio of starch digestion in the first phase; 𝑡1 is the intersected time between two phases; 𝐶 ∞ is the final ratio of starch digestion in the end. c) For the starch digestion with only 
one single phase, values for the second phase and intersected time are therefore not applicable (N/A). 
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Supplementary Table S 2.4. Values of variables estimated from LOS analysis for all hydrothermally processed pasta, pasta powder, semolina and purified starch of Yawa samples 
 Pasta  Pasta (P) Pasta Powder Pasta Powder (P)  Semolina Semolina (P) Starch Starch (P) 
Single Phase or 
Rapid Phase I 
         
𝐶1  (%) 1.84±0.43 2.09±0.72 14.76±0.04 19.03±2.42  13.37±0.98 17.94±1.18 13.13±2.53 14.08±3.41 
𝑘1 (min
-1) 0.0157±0.0006 0.0227±0.0014 0.0682±0.0125 0.0296±0.0004  0.0389±0.0016 0.0316±0.0007 0.0461±0.0044 0.0456±0.0047 
𝐶1 ∞ (%) 27.92±1.12 25.19±0.44 52.07±1.25 80.65±0.33  67.44±3.20 78.88±0.32 78.23±1.95 81.36±1.24 
𝐶1 + 𝐶1 ∞ (%) 29.76±0.69 27.28±1.15 66.82±1.29 99.68±2.10  80.81±4.19 97.31±0.29 91.36±4.48 101.87±5.27 
𝐶I (%) 18.89±0.44 19.34±0.49 55.35±3.98 N/A  N/A N/A N/A N/A 
𝑡1(min) 60.00±0.00 50.00±0.00 25.00±5.77 N/A  N/A N/A N/A N/A 
Slower Phase II          
𝐶2  (%) 9.89±2.14 9.58±0.72 28.27±3.94 N/A  N/A N/A N/A N/A 
𝑘2 (min
-1) 0.0023±0.0005 0.0025±0.0002 0.0233±0.0020 N/A  N/A N/A N/A N/A 
𝐶2 ∞ (%) 76.29±6.94 77.89±2.62 59.19±4.16 N/A  N/A N/A N/A N/A 
𝐶2 + 𝐶2 ∞ (%) 86.17±9.09 87.46±1.89 87.46±0.23 N/A  N/A N/A N/A N/A 
Total          
𝐶 ∞ (%) 86.17±9.09 87.46±1.89 87.46±0.23 99.68±2.10  80.81±4.19 97.31±0.29 91.36±4.48 101.87±5.27 
a) P, which refers to samples followed pepsin hydrolysis prior to starch digestion. b) 𝐶1 and 𝐶2 are the starting ratios of starch digested at each phase; k is the rate constant of each phase; 
𝐶1 ∞ and 𝐶2 ∞ are the calculated ratios of starch digestion in the end of each phase; 𝐶1 + 𝐶1 ∞ and 𝐶2 + 𝐶2 ∞ are the estimated ratios of starch digestion in the end of each phase; 𝐶I is the 
actual ratio of starch digestion in the first phase; 𝑡1 is the intersected time between two phases; 𝐶 ∞ is the final ratio of starch digestion in the end. c) For the starch digestion with only 
one single phase, values for the second phase and intersected time are therefore not applicable (N/A). 
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Supplementary Table S 2.5. Least Significant Difference analysis of starch digestion rate constants (k min-1) among Jandaroi semolina and the derivative purified starch, pasta and 
pasta powder.  
 Pasta Pasta (P) Pasta Powder Pasta Powder (P) Semolina Semolina (P) Purified Starch Purified Starch (P) 
 k1 k2 k1 k2 k1 k2 k k k k k 
Pasta k1  0.011* 0.016* 0.013* 0.000* 0.133 0.001* 0.000* 0.000* 0.000* 0.000* 
k2 0.011*  0.000* 0.939 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 
Pasta (P) k1 0.016* 0.000*  0.000* 0.000* 0.330 0.269 0.029* 0.153 0.003* 0.005* 
k2 0.013* 0.939 0.000*  0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 
Pasta Powder k1 0.000* 0.000* 0.000* 0.000*  0.000* 0.000* 0.000* 0.000* 0.002* 0.001* 
k2 0.133 0.000* 0.330 0.000* 0.000*  0.042* 0.003* 0.020* 0.000* 0.000* 
Pasta Powder (P) k 0.001* 0.000* 0.269 0.000* 0.000* 0.042*  0.257 0.737 0.048* 0.066 
Semolina k 0.000* 0.000* 0.029* 0.000* 0.000* 0.003* 0.257  0.421 0.374 0.461 
Semolina (P) k 0.000* 0.000* 0.153 0.000* 0.000* 0.020* 0.737 0.421  0.096 0.128 
Purified Starch k 0.000* 0.000* 0.003* 0.000* 0.002* 0.000* 0.048* 0.374 0.096  0.878 
Purified Starch (P) k 0.000* 0.000* 0.005* 0.000* 0.001* 0.000* 0.066 0.461 0.128 0.878  
a) P, which refers to samples followed pepsin hydrolysis prior to starch digestion. b)* the mean difference is significant at the 0.05 level. 
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Supplementary Table S 2.6. Least Significant Difference analysis of starch digestion rate constants (k min-1) among Caparoi semolina and the derivative purified starch, pasta and 
pasta powder. 
 Pasta Pasta (P) Pasta Powder Pasta Powder (P) Semolina Semolina (P) Purified Starch Purified Starch (P) 
 k1 k2 k1 k2 k1 k2 k k k k k 
Pasta k1  0.006* 0.065 0.006* 0.000* 0.359 0.007* 0.000* 0.001* 0.000* 0.000* 
k2 0.006*  0.000* 0.992 0.000* 0.001* 0.000* 0.000* 0.000* 0.000* 0.000* 
Pasta (P) k1 0.065 0.000*  0.000* 0.000* 0.335 0.330 0.000* 0.087 0.006* 0.001* 
k2 0.006* 0.992 0.000*  0.000* 0.001 0.000* 0.000* 0.000* 0.000* 0.000* 
Pasta Powder k1 0.000* 0.000* 0.000* 0.000*  0.000* 0.000* 0.001* 0.000* 0.000* 0.000* 
k2 0.359 0.001* 0.335 0.001* 0.000*  0.058 0.000* 0.010* 0.000* 0.000* 
Pasta Powder (P) k 0.007* 0.000* 0.330 0.000* 0.000* 0.058  0.001* 0.444 0.061 0.007* 
Semolina k 0.000* 0.000* 0.000* 0.000* 0.001* 0.000* 0.001*  0.007* 0.097 0.432 
Semolina (P) k 0.001* 0.000* 0.087 0.000* 0.000* 0.010* 0.444 0.007*  0.253 0.046* 
Purified Starch k 0.000* 0.000* 0006* 0.000* 0.000* 0.000* 0.061 0.097 0.253  0.369 
Purified Starch (P) k 0.000* 0.000* 0.001* 0.000* 0.000* 0.000* 0.007* 0.432 0.046* 0.369  
a) P, which refers to samples followed pepsin hydrolysis prior to starch digestion. b)* the mean difference is significant at the 0.05 level. 
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Supplementary Table S 2.7. Least Significant Difference analysis of starch digestion rate constants (k min-1) among Yawa semolina and the derivative purified starch, pasta and 
pasta powder. 
 Pasta Pasta (P) Pasta Powder Pasta Powder (P) Semolina Semolina (P) Purified Starch Purified Starch (P) 
 k1 k2 k1 k2 k1 k2 k k k k k 
Pasta k1  0.014* 0.187 0.015* 0.000* 0.153 0.011* 0.000* 0.004* 0.000* 0.000* 
k2 0.014*  0.000* 0.969 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 
Pasta (P) k1 0.187 0.000*  0.000* 0.000* 0.908 0.190 0.004* 0.092 0.000* 0.000* 
k2 0.015* 0.969 0.000*  0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 
Pasta Powder k1 0.000* 0.000* 0.000* 0.000*  0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 
k2 0.153 0.000* 0.908 0.000* 0.000*  0.231 0.005* 0.115 0.000* 0.000* 
Pasta Powder (P) k 0.011* 0.000* 0.190 0.000* 0.000* 0.231  0.081 0.694 0.003* 0.004* 
Semolina k 0.000* 0.000* 0.004* 0.000* 0.000* 0.005* 0.081  0.169 0.169 0.200 
Semolina (P) k 0.004* 0.000* 0.092 0.000* 0.000* 0.115 0.694 0.169  0.008* 0.010* 
Purified Starch k 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.003* 0.169 0.008*  0.923 
Purified Starch (P) k 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.004* 0.200 0.010* 0.923  
a) P, which refers to samples followed pepsin hydrolysis prior to starch digestion. b)* the mean difference is significant at the 0.05 level. 
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Supplementary Table S 2.8. Least Significant Difference analysis of starch digestion rate constants (k min-1) among Jandaroi, 
Caproi and Yawa in terms of semolina and the derivative purified starch, pasta and pasta powder. 
   Jandaroi Caparoi Yawa 
Pasta k1 Jandaroi  0.840 0.931 
  Caparoi 0.840  0.773 
  Yawa 0.931 0.773  
 k2 Jandaroi  1.000 0.985 
  Caparoi 1.000  0.985 
  Yawa 0.985 0.985  
      
Pasta (P) k1 Jandaroi  0.680 0.213 
  Caparoi 0.680  0.400 
  Yawa 0.213 0.400  
 k2 Jandaroi  0.931 0.985 
  Caparoi 0.931  0.946 
  Yawa 0.985 0.946  
      
Pasta Powder k1 Jandaroi  0.133 0.312 
  Caparoi 0.133  0.611 
  Yawa 0.312 0.611  
 k2 Jandaroi  0.687 0.870 
  Caparoi 0.687  0.810 
  Yawa 0.870 0.810  
      
Pasta Powder (P) k Jandaroi  0.584 0.298 
  Caparoi 0.584  0.618 
  Yawa 0.298 0.618  
      
Semolina k Jandaroi  0.061 0.687 
  Caparoi 0.061  0.025* 
  Yawa 0.687 0.025*  
      
Semolina (P) k Jandaroi  0.908 0.325 
  Caparoi 0.908  0.384 
  Yawa 0.325 0.384  
      
Purified starch k Jandaroi  0.508 0.923 
  Caparoi 0.508  0.449 
  Yawa 0.923 0.449  
      
Purified starch (P) k Jandaroi  0.694 0.878 
  Caparoi 0.694  0.810 
  Yawa 0.878 0.810  
a) P, which refers to samples followed pepsin hydrolysis prior to starch digestion. b)* the mean 
difference is significant at the 0.05 level. 
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3. Compact structure and proteins of pasta retard in vitro digestive evolution of 
branched starch molecular structure 
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  Highlights 
 Pasta compact structure and gluten network account for slowed starch digestion.  
 Compact structure of pasta protects starch and proteins from access by enzymes 
 Pasta proteins from wheat reduce activity of porcine α-amylase during digestion in vitro  
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Abstract 
    The role that the compact structure and proteins in pasta play in retarding evolution of starch 
molecular structure during in vitro digestion is explored, using four types of cooked samples: whole 
pasta, pasta powder, semolina (with proteins) and extracted starch without proteins. These were 
subjected to in vitro digestion with porcine α-amylase, collecting samples at different times and 
characterizing their weight distribution of branched starch molecules using size-exclusion 
chromatography. Whole starch molecules can generally be divided into three groups of different 
hydrodynamic radius (Rh) ranges: large size, group I (Rh >100 nm), intermediate size, group II (10 
nm < Rh < 100 nm) and small, group III (Rh < 10 nm). Measurement of α-amylase activity showed 
that a protein (or proteins) from semolina, pasta powder and whole pasta interacted with α-amylase, 
causing reduced enzymatic activity and retarding digestion of branched starch molecules with Rh < 
100 nm; this protein(s) was susceptible to proteolysis. Thus the compact structure of pasta protects 
the starch and proteins in the interior of the whole pasta, reducing the enzymatic degradation of 
starch molecules, especially for molecules with Rh >100 nm. 
Key words:  
Pasta; Proteins; Starch; Molecular structure; Enzyme activity; GPC 
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3.1. Introduction  
    Pasta is considered to be among the more healthy carbohydrate-based foods, since it has been 
shown by many in vitro (Berti et al., 2004; Colonna et al., 1990; Fardet et al., 1998) and in vivo 
(Berti et al., 2004; Granfeldt & Björck, 1991a; Jenkins et al., 1981; Monge et al., 1990) experiments 
that starch digestion in pasta proceeds more slowly than in most other starchy foods, resulting in 
attenuated glycemic response. The relatively slower starch digestion of pasta can be generally 
attributed to two aspects of pasta structure. The first is the compact structure of pasta, which reduces 
the reaction area where starch granules can be accessed by digestive enzymes (Jenkins et al., 1983) 
(also see chapter 2),  prevents the starch granules from being thermally swollen (Heneen et al., 2003; 
Sissons et al., 2010) (also see chapter 2) and inhibits pepsin from hydrolyzing the gluten network, 
thus reducing the digestion rates of entrapped starch (see chapter 2). As a result, the starch digestion 
of pasta proceeds with sequential kinetic steps, at a slower rate than purified starch or deconstructed 
pasta (see chapter 2). The second is the presence of a continuous gluten network that entraps the 
starch granules, as suggested by many workers (Colonna et al., 1990; Cunin et al., 1995; Dexter et al., 
1978; Favier et al., 1996; Singh et al., 2004; Sissons et al., 2010) who think it reduces the 
accessibility of α-amylase to the starch because the tortuosity (Ghanbarian, Hunt, Ewing & Sahimi, 
2013) of the gluten network may increase the length of the pathway the enzyme has to take to access 
the starch substrate (Fardet et al., 1998). It has also recently been shown that α-amylase may form 
weak binding interactions with the gluten network, which retards the penetration of the enzyme into 
the gluten network (see chapter 2).  
    Current experimental data for characterizing starch digestion, as affected by these two aspects of 
pasta structure, involves recording the amount of reducing sugars produced at different times. There 
are as yet no data either examining the evolution of starch molecular structure or giving direct 
experimental evidence indicating whether the activity of starch digestive enzymes would be inhibited 
by the presence of proteins. The aim of this study is to remedy this lack by characterizing the 
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evolution of starch molecular structure during in vitro digestion for semolina, pasta, pasta powder 
and purified starch, for pastas with various combinations of compact physical structure and protein 
composition. In addition, the activity of porcine α-amylase in the digestive solution is measured. The 
overall aim of these studies is to develop an improved mechanistic understanding of the slower 
digestion of pasta, exploring if pasta proteins are capable of reducing the activity of α-amylase to 
retard in vitro digestion of starch molecules, and clarifying the evolution of starch molecular sizes 
during the digestive process. 
3.2. Materials and methods 
3.2.1. Materials  
    Two commercial durum wheat varieties (Caparoi and Yawa) were chosen, for which information 
regarding their production and chemical composition is described in detail in chapter 2. Semolina 
was prepared from the two varieties according to procedures described elsewhere (Sissons et al., 
2002a). Obtaining semolina composition, and the methods for processing and characterizing purified 
starch, whole pasta (spaghetti, diameter around 1.8 mm) and pasta powder (ground using coffee 
grinder at room temperature for 30 s into a powder of size range 100 – 1000 µm), were as described 
in chapter 2. The following combinations are studied for each of the two Durum wheat varieties used 
here. The terms in quotes are the codes used subsequently. 
 “WP” means whole pasta (spaghetti) with its intact gluten network and compact structure, 
which was cooked (100 °C for 10 min) and treated (37 °C for 30 min) by 0.02 M HCl with 
proteins unaltered, and “WP-Pepsin” comprises WP hydrolyzed by 0.02 M HCl with 
pepsin added to hydrolyze proteins in digestive solution, before they were both hydrolyzed 
by porcine α-amylase; “WP-Pepsin-Pancreatin” means WP-Pepsin that was later 
hydrolyzed by porcine pancreatin instead of purified α-amylase. All of these were studied 
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to understand whether the digestive evolution of branched starch molecules could be 
retarded by pasta in the presence of the unperturbed gluten network and compact structure.  
 “SE” means semolina without protein removal, which was cooked (100 °C for 10 min) and 
treated (37 °C for 30 min) by 0.02 M HCl with proteins unaltered, and “SE-Pepsin” 
comprises SE hydrolyzed by 0.02 M HCl with pepsin added to hydrolyze proteins in 
digestive solution, and which were then both hydrolyzed by porcine α-amylase. These 
were studied to understand whether the digestive evolution of branched starch molecules 
could be retarded by proteins present in semolina. 
  “PP” means pasta powder with its inherent gluten network but ground from whole pasta 
to break up the compact structure, which was cooked (100 °C for 10 min) and treated 
(37 °C for 30 min) by 0.02 M HCl with proteins unaltered, and “PP-Pepsin” comprises PP 
hydrolyzed by 0.02 M HCl with pepsin added to hydrolyze proteins in digestive solution, 
before they were both hydrolyzed by porcine α-amylase. These were studied to understand 
whether the digestive evolution of branched starch molecules could be retarded by the 
unperturbed gluten network without the presence of the compact structure. 
 “ST” means starch purified from semolina by removing proteins, which was cooked 
(100 °C for 10 min) and then treated (37 °C for 30 min) with 0.02 M HCl, after which it 
was hydrolyzed by porcine α-amylase. This was studied to understand the digestive 
evolution of branched starch molecules in the absence of proteins. 
    Other reagents were pepsin (Sigma P-6887, from gastric porcine mucosa), α-amylase (Sigma A-
6255, from porcine pancreas, 1173 U/mg (one unit liberates 1.0 mg of maltose from soluble starch in 
3 min at pH 7.0 at 37 °C), pancreatin (Chem-supply, PL378, from porcine pancreas) and protease 
(Megazyme, subtilisin A. from Bacillus licheniformis, ~ 6 U/mg of protein; 350 U/mL (40oC, pH 8.0, 
casein as substrate)). All other chemicals were of analytical grade. 
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3.2.2. Enzyme solution 
Pepsin with a concentration of 1.0 mg/mL was dissolved in hydrochloric acid (0.02 M); porcine 
α-amylase was prepared with 135.26 U porcine α-amylase per 5.0 mL in a 0.2 M sodium acetate 
buffer (pH 6.0) containing calcium chloride (200 mM) and magnesium chloride (0.49 mM); porcine 
pancreatin with a concentration of 2.0 mg/mL was dissolved in acetate buffer. 
The following method was used to measure the activity of α-amylase. The soluble protein 
concentration for the α-amylase (Sigma A-6255) is 21 mg/mL. The rate of reducing-sugar release by 
the enzyme was measured with maltose as standard, and transformed into standard enzymatic units: 
U/mg, units contained in 1 mg soluble protein, and one unit liberates 1.0 mg of maltose from soluble 
starch in 3 min at pH 7.0 at 37°C. 
3.2.3. In vitro digestion 
    In vitro starch digestion (schematic given in Fig. S3.1 in the Supporting Information) was carried 
out for SE, ST, WP and PP using a slight modification of the method of (Muir et al., 1995). SE, ST, 
WP and PP containing 90 mg of starch were cooked in a flask with 6.0 mL of deionized water at 
100 °C for 10 min. After cooling to 37.0 °C in a water bath, 5.0 mL of pepsin solution (1 mg/mL) in 
0.02 M HCl was added to the samples. Controls with 5.0 mL of 0.02 M HCl (without added pepsin) 
were also prepared. After incubation at 37.0 °C for 30 min, 5.0 mL of acetate buffer (pH 6) was 
added to adjust the solution to ~pH 6.0, followed by addition of 5.0 mL of porcine α-amylase or 
porcine pancreatin (in acetate buffer, pH 6.0) to the flask. The total 21.0 mL reaction solution was 
incubated at 37.0 °C in a water bath in a sealed flask, stirred with a magnetic stirrer bar at 50 rpm, 
with 100 μL aliquots removed at a range of times and dispersed into 900 μL of sodium carbonate 
(0.3 M) to terminate the reaction. The mixed solution was centrifuged at 5000 g for 10 min. An 
aliquot of 100 µL was transferred into 1.0 mL 4-hydroxybenzoic acid hydrazide (PAHBAH) solution 
(0.5 % w/v, dissolved in 0.5 M HCl followed by adding 9 times this volume of 0.5 M NaOH), before 
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the mixed solution was incubated at 100°C in a water bath for 5 min. When the solution was cooled 
to ambient temperature, the absorbance was recorded by a UV-1700 Pharma Spectrophotometer 
(Shimadzu) at 410 nm. The absorbance of a series of maltose concentrations (0 – 1.0 mmol/L) was 
used to generate a standard curve. The concentration of reducing sugar produced in digestive 
solution was calculated by the slope of a plot of concentration of maltose (Cmaltose, mmol/L) vs. 
absorbance (Fig. S3.2a), before it was transformed into concentration of starch digested by 
multiplying by 324/342 (the disaccharide residue molecular weight ratio from maltose to starch). The 
starch digestion curves are presented as percentage of starch digested vs. time.  
3.2.4. Fitting to first-order kinetics 
Starch digestion data collected above were fitted to a first-order equation:  
Ct = C∞ (1 – e –k t)                                                                                                                              (1) 
    Here Ct (%) is the percentage of starch digested at a given time (t, min), and C∞ (%) is the 
estimated percentage of starch digested in the end of reaction; k (min-1) represents the starch 
digestion rate coefficient, which was measured using logarithm-of-slope (LOS) analysis described in 
details elsewhere (Edwards et al., 2014) through a transformed equation: 
ln (d Ct /dt) = – kt + ln (C∞ k )                                                                                                           (2) 
    All k and C∞ values obtained were applied to construct model-fit curves according to a piecewise 
function (see chapter 2), to ensure the experimental data were well fitted by the kinetic parameters. 
3.2.5. Collection of digesta 
Digestion was terminated for SE, ST, and PP by adding absolute ethanol of quadruple volume into 
the flask; starch digestion was terminated for pasta by incubating the flask in a 100°C water bath for 
10 min, then the WP separated and transferred into a new flask and crumbed with tweezers before 
ethanol of the same volume was added. After waiting for 30 min, the starch pellet was obtained at the 
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bottom of the flask by centrifuging at 4000 g for 10 min; the ethanol supernatant was poured out 
carefully and the pellet was then placed in an oven and dried at 40°C overnight.  
3.2.6. Size-exclusion chromatography 
Size-exclusion chromatography (SEC, also called GPC or HPLC-SEC) is a technique separating 
molecules based on molecular hydrodynamic radius, Rh (see, e.g. (Vilaplana & Gilbert, 2010b)). The 
sample preparation for SEC is briefly as follows. Proteins were removed from SE, ST, WP and PP 
using protease and sodium bisulfite solution, followed by addition of 40 mL absolute ethanol and 
centrifuged, according to a slightly modified method described elsewhere (Vansteelandt et al., 1999). 
Starch samples obtained were dissolved in 2.0 mL of DMSO–0.5% (w/w) LiBr solution at 80°C in a 
water bath overnight; afterwards starch was precipitated after addition of 12.0 mL of absolute 
ethanol to separate from ethanol-soluble non-starch polysaccharides. The resulting starch was 
dissolved in DMSO/LiBr at 80 °C overnight, and the concentration of soluble starch molecules was 
measured using a Megazyme total starch assay kit, before the final concentration was diluted to 2 
mg/mL for SEC analysis.  
The SEC weight distribution, w (log Rh), of whole branched starch was characterized using an 
Agilent 1100 SEC system with a refractive index detector (RID; ShimadzuRID-10A, Shimadzu 
Corp., Kyoto, Japan), as described previously (Cave et al., 2009; Vilaplana et al., 2010b). A GRAM 
pre-column, GRAM 100 and GRAM 3000 columns (PSS. Mainz, Germany) were used with 
DMSO/LiBr eluent at 0.3 mL/min. Calibration used pullulan standards with a range of molecular 
weights (342 to 2.35 × 106), to convert elution volume to Rh through the Mark–Houwink equation, 
with parameters K and α for pullulan in DMSO/LiBr solution at 80 °C taken as 2.424 × 10−4 dL g–1 
and 0.68 respectively, while the dn/dc value is 0.0853 mL/g (Vilaplana et al., 2010b). The SEC 
weight distribution of whole branched starch molecules from the RID are presented as wbr (log Rh).  
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3.2.7. Measuring α-amylase activity 
Starch digestions for SE, ST, WP and PP were carried out using the procedures of Section 
3.Error! Reference source not found.. A blank flask was also prepared following the same 
rocedures but without any starch-containing samples. The procedure used for activity measurements 
is shown schematically in Fig. S3.3. After incubation for 60 min for all flasks, 50 µL solution from 
flask I was added to flask II containing 4.0 mL gelatinized maize starch (15 mg/mL) with magnetic 
stirring at 37°C in a water bath. A 300 µL aliquot was collected at 0, 4, 8 and 12 min into tube III 
(Eppendorf, 2.5 mL) containing 300 µL of sodium carbonate solution (0.3 M) to halt α-amylase 
activity. The tubes were centrifuged at 5000 g for 10 min. 100 µL of supernatant was transferred into 
a new tube IV each containing 1.0 mL PAHBAH solution (preparation as in section 3.2.3), and the 
resulting solution was incubated at 100°C in a water bath for 5 min. When the solution was cooled to 
room temperature, the absorbance at 410 nm was recorded. The activity of α-amylase for hydrolysis 
of maize starch into reducing sugar was obtained from the slope of the linear least-squares fit of the 
plot of concentration of reducing sugar against time, as shown in Fig. S3.2b (SI). As this rate is 
always measured with the same added concentration of enzyme, it is proportional to the activity; the 
slope was converted to rate per unit volume of the digestive solution by dividing by the 50 µL of 
added enzyme solution.  
In order to observe the activity of α-amylase after hydrolyzing soluble proteins in digestive 
solution, starch digestions for PP, PP-Pepsin, SE and SE-Pepsin were carried out as described in 
Section 3.Error! Reference source not found.. Protease (1.0 mL) was added into each flask after 
igestion for 60 min and proteolysis allowed to proceed for an additional 10 min.  
3.2.8. In vitro digestion after addition of α-amylase 
SE and PP were used for in vitro starch digestion following the procedures described in Section 
3.Error! Reference source not found.. After starch digestion for ~ 60 min, porcine α-amylase 
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olution (100 µL sodium acetate buffer containing 135.26 U porcine α-amylase) was added to the 
digestive solution (~21.0 mL), and the percentages of starch digested vs. time were obtained as in 
Section 3.Error! Reference source not found..  
3.2.9. Statistical analysis 
The statistical significance of starch digestion rate constants was analyzed using one-way 
ANOVA and multiple comparison test with least significant difference adjustment at P value <0.05. 
Initial data analysis and linear regression fitting was carried out in Microsoft Excel. Further 
statistical analysis of the data was carried out in IBM SPSS Statistics version 21. 
3.3. Results  
3.3.1. Starch digestion data 
Typical experimental starch digestion curves and LOS plots showed for SE, SE-Pepsin, ST, PP, 
PP-Pepsin, WP, WP-Pepsin and WP-Pepsin-Pancreatin can be seen in Figs. 3.1 and S3.4; a visual 
comparison of k values can be seen in Fig. S3.5, in which one sees there is an initial linear step with 
a significantly larger rate constant, denoted k-f, and a following linear step with a significantly 
smaller rate constant, denoted k-s, (Tables S3.1 and S3.2) for all starchy samples, indicating starch 
digestion proceeded successively with a fast and slow step. 
The reason why the starch digestion did not start at 0% is because the cooked samples were 
digested very quickly once α-amylase was added. During the very short time for the digestion 
solution to be pipetted into the Na2CO3 solution, part of the starch would have been degraded into 
reducing sugars. This phenomena is especially evident for the cooked semolina, pasta powder and 
purified starch, since these did not have compact structure and would be much easier to be digested. 
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Fig. 3.1. Typical starch digestion curves, model-fit curves and LOS plots from Caparoi SE-Pepsin (c), PP-Pepsin (d), WP-Pepsin (g) and WP-Pepsin-
Pancreatin (h) that were cooked and hydrolyzed by 0.02 M HCl with pepsin added to hydrolyze proteins in digestive solution, and from Caparoi SE (a), PP 
(b), ST (e) and WP (f) that were cooked and hydrolyzed by 0.02 M HCl with proteins in digestive solution unaltered. All of the points in the LOS plots are 
linearly treated by least-squares fit. All the LOS plots can be divided into two parts with straight linear lines of different slope: k-f and k-s are starch digestion 
rates for the initial fast step and the later slow step, respectively. The R-squared values relate to the LOS plots. The part of the LOS plot describing k-f is 
shown in red, and the part describing k-s is shown in green. Digestion data are shown in black points and model-fit curves in a black dotted line. 
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There was an initial fast step (a few minutes) in which ~ 40 – 60% of starch was digested from SE 
(Figs. 3.1a and S3.4a) or PP (Figs. 3.1b and S3.4b) in the presence of proteins, while more than 80% 
starch was digested from ST (Figs. 3.1e and S3.4e), SE-Pepsin (Figs. 3.1c and S3.4c) and PP-Pepsin 
(Figs. 3.1d and S3.4d) that had proteins removed or hydrolyzed by pepsin prior to α-amylase 
digestion. This was followed by a slow step over several hours for SE, PP and ST, with significantly 
lower k-s values (Tables S3.1 and S3.2) for SE (Fig. 3.2 a-1 and b-1) and PP (Fig. 3.2 a-3 and b-3) 
with proteins unaltered, compared for SE-Pepsin (Fig. 3.2 a-2 and b-2), PP-Pepsin (Fig. 3.2 a-4 and 
b-4) or ST (Fig. 3.2 a-5 and b-5) with proteins hydrolyzed or removed.  In contrast, the starch 
digestion rate for WP was much slower (Fig. 3.1f & g). Adding pepsin (WP-Pepsin) or porcine 
pancreatin (WP-Pepsin-Pancreatin) led to slightly but significantly different k-f values for the fast 
step but no significant changes for the k-s values for the slow step (Figs. S3.5 and Tables S3.1 and 
S3.2) compared to WP.  
 
 
 
 
 
Fig. 3.2. Values of starch digestion rate constants at slow step (k-s, min−1) for Caparoi (a) and 
Yawa (b) samples. SE-Pepsin and PP-Pepsin were cooked and hydrolyzed by 0.02 M HCl with 
pepsin added to hydrolyze proteins in digestive solution; SE, PP and ST were cooked and hydrolyzed 
by 0.02 M HCl with proteins in digestive solution unaltered.  
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For SE or PP, where there was no alteration of the original proteins, when starch digestion entered 
the latter slow step, at about 60 min, adding fresh porcine α-amylase at about this time resulted in a 
transient acceleration in the rate of starch digestion, which slowed again within ~ 2 min (Fig. 3.3). 
The increased percentage of starch digested during the transient acceleration was much less than the 
starch digested in the initial two minutes. 
 
Fig. 3.3. Starch digestion curves for Caparoi SE and PP that were cooked and treated by 0.02 M 
HCl with proteins unaltered in digestive solution. After the starch digestion had proceeded for ~ 60 
min, an additional aliquot of the same units of porcine α-amylase was added into the digestive 
solution. 
 
3.3.2. Classifying branched starch molecular size distributions based on different 
regions of Rh 
Typical SEC weight distributions for branched starch molecules for Caparoi and Yawa SE are 
classified based on various regions of Rh, as shown in Fig. 4. Note that such fully-branched SEC data 
should not be used for finding amylose content, because of the effect of shear scission in SEC, but 
instead the amylose content is best obtained from debranched SEC data; see (Vilaplana, Hasjim & 
Gilbert, 2012) for details. Whole starch molecules can generally be divided into three groups of 
different Rh ranges: large size, group I (Rh >100 nm), intermediate size, group II (10 nm < Rh < 100 
nm) and small, group III (Rh < 10 nm). Amylose accounts for most native starch molecules of Rh less 
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than 100 nm while amylopectin accounts for most starch molecules of Rh more than 100 nm 
(Syahariza et al., 2013). Compared to Caparoi SE, Yawa SE has slightly less starch molecules of 
intermediate size and more of the large size. Notably, a greater proportion of starch molecules of Rh > 
1000 nm is found for Yawa SE.  
 
Fig. 3.4. SEC weight distributions (arbitrary normaization) for branched starch molecules of 
Caparoi and Yawa semolina (SE). 
 
3.3.3. In vitro digestive evolution of weight distribution of branched starch molecules 
The evolution of the SEC weight distribution of branched starch molecules during in vitro 
digestion is presented in Figs. 3.5 and S3.6. With digestion by HCl and porcine α-amylase, starch 
from SE (Figs. 3.5a, c and S6a, c), PP (Figs. 3.5b, d and S3.6 b, d) and ST (Figs. 3.5e and S3.6e) 
shows a rapid digestive change of wbr (log Rh). When starch was more than 30% digested, many 
small molecules still remained undigested, with fewer intermediate-size ones, while large starch 
molecules had been hydrolyzed completely. For SE-Pepsin or PP-Pepsin (with proteins hydrolyzed 
by pepsin hydrolysis), there were fewer small starch molecules, and practically none of intermediate 
size (Figs. 3.5a, b and S3.6a, b); by contrast, in SE and PP (with proteins unaltered), there were many 
more starch molecules of intermediate and small size, with the intermediate size being quite 
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abundant (Figs. 3.5c, d and S3.6c, d). Removing proteins (ST, Figs. 5e and S6e compared with SE-
Pepsin, Figs. 3.5a and S3.6a) also resulted in fewer small starch molecules and practically no 
intermediate-size ones following digestion.  
Compared to that from SE, PP or ST, starch from WP (Figs. 3.5f-h and S3.6f-h) showed a much 
slower digestive evolution of wbr (log Rh). When starch from WP was more than 30% digested, small 
starch molecules showed an increase in relative number, and intermediate-size became relatively 
fewer while large ones became more abundant relative to no digestion (Fig. 3.5f). For WP (Fig. 3.5f 
and Fig. S3.6f), WP-pepsin (Fig. 3.5g and Fig. S3.6g) and WP-Pepsin-Pancreatin (Fig. 3.5h and Fig. 
S3.6h) (with proteins in digestive solution hydrolyzed by pepsin or protease included in pancreatin), 
the starch digestive evolution of wbr (log Rh) were similar, with abundant small, intermediate-size and 
large starch molecules undigested.  
3.3.4. Activity of α-amylase in digestive solution 
    Fig. 3.6 compares the activity of α-amylase added into solution to digest starch mixed with 
different protein structures. Compared to the blank without starch-containing samples added (h), the 
activity of α-amylase shows a significant reduction for SE (b), PP (d) and WP (f) wherein proteins 
were not hydrolyzed, whereas there was no significant reduction in enzymatic activity for SE-Pepsin 
(a), PP-Pepsin (c) and WP-Pepsin (e), and similarly no significant reduction for ST (g), wherein 
proteins had been removed before starch digestion. In addition, the solution for WP, with compact 
structure (f), had much less reduction in enzymatic activity compared to powdered SE (b) or PP (d). 
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Fig. 3.5. Digestive evolution of weight distributions of branched starch molecules during in vitro digestion for Caparoi SE (a, c), PP (b, d), ST 
(e) and WP (f-h).  
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Fig. 3.6. Activity of α-amylase in digestive solution of  SE-Pepsin (a), PP-Pepsin (c) and WP-Pepsin (e), and 
for SE (b), PP (d), WP (f) and ST (g). Blank contains only α-amylase (h). 
 
 
 
 
 
Fig.3.7. Activity of α-amylase in digestive solution of SE-Pepsin (a-1), SE (b-1), PP-Pepsin (c-1), PP 
(d-1) and blank containing only α-amylase (e-1) ; after adding extra protease, activity of α-amylase 
in digestive solution measured again for SE-Pepsin (a-2), SE (b-2), PP-Pepsin (c-2), PP (d-2) and 
blank (e-2).  
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    Fig. 3.7 shows data obtained to see if the reduced activity of α-amylase incubated with samples SE 
and PP could be restored by treatment with extra protease. As expected, in the blank, α-amylase 
activity decreases due to proteolysis of α-amylase (e-1 to e-2). This reduction in activity was also 
observed for SE-Pepsin (a-1 to a-2) and PP-Pepsin (c-1 to c-2). SE and PP showed a reduced of 
activity of α-amylase, because of the presence of proteins. However, once the proteins were 
hydrolyzed by extra added protease, an increased enzymatic activity was observed (comparing b-1 to 
b-2 and d-1 to d-2), and the enzymatic activity reached a level comparable to SE-Pepsin (a-2) and 
PP-Pepsin (c-2). 
3.4. Discussion  
3.4.1. Proteins slow starch digestion 
    The following discussion considers to what extent wheat proteins present in SE and PP account for 
decreased starch digestion rates and for changes in the size distribution of branched molecules during 
digestion.  
The starch molecules of large and intermediate-size (Rh > 10 nm) for ST were more easily 
digested by α-amylase, since they were quickly degraded at significantly greater k-f values (Fig. S3.5, 
Tables S3.1 and S3.2) into numerous fragments of small size (Rh < 10 nm) in the initial fast step 
(Figs. 3.5e and S3.6e).  However the small size of starch digestive fragments were more difficult to 
be further digested by α-amylase, because much lower k-s values (Fig. S3.5, Tables S3.1 and S3.2) 
and abundant fragments of Rh around 1–10 nm were seen in the latter slow step (Figs. 3.5e and 
S3.6e). The slower starch digestion is probably because the substrates not digested by α-amylase, 
such as α-limit dextrin, small linear oligomers along with larger α-glucans (Dona, Pages, Gilbert & 
Kuchel, 2010), were produced by hydrolysis of amylopectin with α-amylase in the slow step. 
Although the similar phenomena can also be seen for SE (Figs. 3.5c and S3.6c), SE-Pepsin (Figs. 
3.5a and S3.6a), PP (Figs. 3.5d and S3.6d) and PP-Pepsin (Figs. 3.5b and S3.6b), this should not be 
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the sole reason resulting in the subdued starch digestion for SE or PP with proteins unaltered, as their 
k-s values in the slow step were significantly lower (Fig. 3.2, Tables S3.1 and S3.2) than the 
comparable ST, SE-Pepsin or PP-Pepsin with a removing or hydrolysis of proteins, suggesting that, 
except the effect of starch substrate, the slowed starch digestion must also have partially resulted 
from the proteins present in SE and PP.   
Supporting this inference, the presence of protein changed the in vitro digestive evolution of the 
size distribution of branched starch molecules. Proteins unaltered in the digestive solution from SE 
(Figs. 3.5c and S3.6c) and PP (Figs. 3.5d and S3.6d) would have protected the residual intermediate-
size and small starch molecules from further degradation, whereas removing proteins for SE-Pepsin 
(Figs. 3.5a and S3.6a) and PP-Pepsin (Figs. 3.5b and S3.6b) resulted in fewer residual small starch 
molecules and practical disappearance of intermediate-size starch molecules. The possible 
mechanisms by which protein components retard the digestive evolution of branched starch 
molecules are discussed in the following. 
    We put forward two hypotheses for the retarded digestive evolution of branched starch molecules 
in the presence of proteins. The first is that certain starch-protein interactions, such as gluten 
entrapment of the starch for PP, residual tissue (e.g. cell walls) or putative protein-starch complex 
structure for SE, may act as a physical barrier to inhibit the accessibility of enzymes. This 
explanation is consistent with previous reports (see chapter 2) that the residual gluten network in PP 
entraps starch granules, so as to slow starch digestion rates. However, there are problems with this 
explanation, because neither gluten entrapment, residual cell walls nor a putative protein-starch 
complex structure can explain why large starch molecules ( Rh > 100 nm) could not be inhibited from 
being degraded by digestive enzymes, as all of them had been digested in SE and PP following 
addition of α-amylase (Figs. 3.5c-d and S3.6c-d).  
Another hypothesis is that there are proteins in SE and in PP which are able to reduce the activity 
of α-amylase. This suggestion is consistent with a previous finding that the gluten network in WP 
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may be able to bind with α-amylase molecules as they migrate from the exterior to the interior of the 
pasta particle (see chapter 2). Further evidence for this is seen in Fig. 3.6, showing that α-amylase 
added into digestive solution with soluble proteins (SE, PP and WP) showed a significantly reduced 
activity, while the activity of α-amylase remained unaltered for SE-Pepsin (Fig. 3.6a), PP-Pepsin (Fig. 
3.6c) and WP-Pepsin digestive solutions (Fig. 3.6e), in which proteins had been hydrolyzed. All 
these phenomena indicate that soluble proteins may diffuse into the aqueous phase and remain 
capable of reducing the activity of α-amylase after cooking and incubation with HCl. The addition of 
α-amylase results in it interacting with these soluble proteins (e.g. by forming a complex) so as to 
reduce activity. This would explain the more reduced activity of α-amylase added to SE (Fig. 3.6b) 
and to PP (Fig. 3.6d) compared to WP (Fig. 3.5f). This is probably because SE or PP are not 
protected by the compact pasta protein structure, consistent with a previous finding that as much as 
~60% of total proteins became hydrolyzed for SE and PP after cooking and pepsin hydrolysis, 
whereas less than ~10% were hydrolyzed for WP (see chapter 2). This also explains why adding 
fresh α-amylase to SE or PP at ~60 min results in an immediate but transitory acceleration in starch 
digestion (Fig. 3.3). Since the degree of product inhibition by maltose product can be ignored under 
conditions used in most kinetic studies of amylase action on starch (Dona, Pages, Gilbert & Kuchel, 
2011; Warren et al., 2012), it is therefore likely that the added α-amylase would combine with those 
soluble proteins and its activity thus reduced. Consistent with this, adding fresh α-amylase does not 
cause significant increase in digestion, as seen within the first 2 min, presumably because the starch 
concentration had been largely reduced (Figs. 3.1 a, b, and S3.4 a, b) and also the starch had already 
been degraded by this stage (Figs. 3.5c, d, S3.6c and d) for SE or PP, so that fresh α-amylase had less 
probability of interacting with residual starch substrate before losing activity.  
    Some additional experiments were performed to help understand if α-amylase was inhibited or 
deprived of enzymatic activity after interacting with proteins in SE or PP. Protease was added at 60 
min, and the ensuing proteolysis resulted in a reduced activity of α-amylase for the blank (containing 
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only α-amylase; Fig. 3.7e), and also for SE-Pepsin (Fig. 3.7a) and PP-Pepsin (Fig. 3.7c), from which 
proteins had been hydrolyzed. This is expected, since α-amylase would be hydrolyzed by protease 
and therefore would lose enzymatic activity. However, for SE (Fig. 3.7 b-1) and PP (Fig. 3.7 d-1) 
whose α-amylase activity had been reduced to a low level because of the presence of wheat proteins, 
the ensuing proteolysis did not further decrease the activity, but instead partially restored it (Fig. 3.7 
b-2 and d-2) to a comparable level as that for SE-Pepsin (Fig. 3.7 a-2), PP-Pepsin (Fig. 3.7 c-2) and 
blank (Fig. 3.7 e-2). These observations firstly suggest that the wheat proteins may be more 
susceptible to proteolysis than α-amylase. After proteolysis of proteins for SE and PP, the α-amylase 
that had interacted with wheat proteins would be liberated to continue to act to hydrolyze starch and 
therefore result in some restoration of enzymatic activity. In addition, the data also suggest that the 
wheat proteins could interact to inhibit the activity of α-amylase, but not enough to completely 
remove this activity.  
3.4.2. Compact structure of pasta retards the digestive evolution of branched starch 
molecules 
WP (with its compact structure) showed slower starch digestion rates (Figs. 3.1, S3.4 and S3.5) 
than SE and PP, and a slower digestive evolution of branched starch molecules following addition of 
α-amylase (Figs. 3.5 and S3.6). This is firstly because the compact structure of WP inhibited the 
accessibility of interior starch to α-amylase. For SE and PP (Figs. 3.5 c, d and S3.6 c, d), large and 
intermediate-size starch molecules mostly degraded quickly into a dramatically increased number of 
small ones; however, WP, with intact compact structure (Figs. 3.5 f and S3.6 f), was capable of 
retaining most large and intermediate-size starch molecules. Although a small relative increase of 
smaller starch molecules is seen, most intermediate-size and large starch molecules remain 
undigested.  
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In addition to exerting a physical barrier for protection of starch from enzyme access, the compact 
structure of pasta can also protect the proteins in the interior of the pasta. SE-Pepsin and PP-Pepsin 
(Figs. 3.5a, b and S3.6a, b) show disappearance of essentially all intermediate-size starch as a result 
of starch digestion following hydrolysis of proteins; however, WP-Pepsin (Figs. 3.5g and S3.6g) and 
WP-Pepsin-pancreatin (Figs. 3.5h and S3.6h), with compact structure, had an almost unaltered 
weight distribution of intermediate-size and especially large starch molecules as a result of starch 
digestion following proteolysis either by added pepsin or by protease included in added pancreatin. 
Presumably this is because WP (with compact structure) is also less accessible to the protease. The 
protease must also migrate from the exterior region to the interior region of the pasta particle. 
Therefore, the compact structure of WP would protect the interior proteins from being hydrolyzed by 
added protease. This is consistent with the observation of a lower reduction in α-amylase activity for 
WP (Fig. 3.6f) compared to SE (Fig. 3.6b) or PP (Fig. 3.6d), presumably because only part of 
proteins had diffused into solution to reduce enzymatic activity, while most of them were located 
inside the compact structure. We showed previously that less than 10% proteins were hydrolyzed 
from cooked WP, and also that subsequent addition of pepsin did not result in hydrolysis of more 
proteins from cooked WP (see chapter 2). This suggests that the proteins protected in the central 
region of cooked pasta interact with the α-amylase going from the external to central regions, to 
reduce enzyme activity and thus to slow starch digestion. This is consistent with the observation that 
there is only a slight acceleration of starch digestion in the external regions (compare k-f values in 
Fig. S3.5 b, d and Tables S3.1, S3.2) but no significant acceleration of starch digestion in the central 
regions (compare k-s values in Fig. S3.5 b, d and Tables S3.1, S3.2) for cooked WP by addition of 
pepsin or pancreatin, and also why cooked WP has a slow digestive evolution of branched starch 
molecules (Figs. 3.5 f-h and S3.6 f-h).  
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3.5. Conclusions  
The digestive rate and in vitro evolution of starch molecular structure were characterized for a 
range of pasta-derived cooked substrates: semolina, whole pasta, powdered pasta and extracted 
starch, with various combinations of treatments with acid and with protein-digesting enzymes. Starch 
digestion for all these samples showed a distinct initial fast step with significantly larger rate 
constant, and a later slow step with significantly lower rate constant. The significantly lower starch 
digestion rate constants in the slow step were observed for semolina and pasta powder with proteins 
unaltered, which suggests that proteins also probably account for the slowed starch digestion, except 
the effect of less accessible starch substrates to α-amylase. Whole starch molecules can generally be 
divided into three groups of different hydrodynamic radius (Rh) ranges: large size, group I (Rh >100 
nm), intermediate size, group II (10 nm < Rh < 100 nm) and small, group III (Rh < 10 nm).  Further 
analysis revealed that the activity of porcine α-amylase was reduced; retarded digestion for branched 
starch molecules of intermediate/small sizes was seen for samples which contain soluble proteins in 
the digestive solution, but rapid digestion for branched starch molecules of small/intermediate/large 
sizes was seen for samples where these proteins were removed. The combined observations strongly 
support the hypothesis that protein(s) present in cooked semolina, powdered and whole pasta interact 
with α-amylase to reduce its enzymatic activity, and thus retard the digestive evolution of branched 
starch molecules. Data also suggest that enzyme activity can be at least partially recovered once the 
protein(s) are hydrolyzed by protease. The compact structure of pasta protects the inner region of a 
pasta fragment from protein-degrading and starch-degrading enzymes, therefore protein(s) were 
retained to reduce activity of α-amylase and also the remaining gluten network may be able to 
prevent the leaching of large amylopectin. All these reduce the enzymatic degradation of the starch, 
especially for larger molecules.  
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3.6. Supplementary materials 
 
Fig.S3.1. Sketch of in vitro digestion of semolina (SE), starch purified (ST), whole spaghetti strand (WP) and pasta powder (PP). 
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    Fig.S3.2. Absorbance of a series of maltose standards (C
maltose 
mmol/L) (a); the amount for reducing sugar produced for flasks II at each time, n
reducing sugar 
II 
(mmol) (b).  
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    Fig.S3.3. Sketch of the technique for measuring the activity of α-amylase in digestive solution. Flask I contains 21.0 mL digestive solution, flask II 
contains 4.0 mL gelatinized maize starch, tube III each contains 300 µL Na2CO3 (0.3 M) and tube IV each contains 1.0 mL PAHBAH. A series of 
concentration of maltose ranges 0-1.0 mmol/L.  
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    Fig.S3.4 Typical starch digestion curves, model-fit curves and LOS plots from Yawa SE-Pepsin (c), PP-Pepsin (d), WP-Pepsin (g) and WP-Pepsin-
Pancreatin (h) that were cooked and hydrolyzed by 0.02 M HCl with pepsin added to reduce proteins in digestive solution, and from Yawa SE (a), PP (b), ST 
(e) and WP (f) that were cooked and hydrolyzed by 0.02 M HCl with proteins in digestive solution unaltered. All of the points in the LOS plots are linearly 
treated by least-squares fit. All the LOS plots can be divided into two parts with linear lines of different slope: k-f and k-s represent starch digestion rates for 
initial fast step and latter slow step respectively. The R-squared values relate to the LOS plots. The part of the LOS plot describing k-f is shown in red, and the 
part describing k-s is shown in green. Digestion data are shown in black points and model-fit curves in a black dotted line. 
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    Fig.S3.5. Values of starch digestion rate constants at fast step (k-f min−1) and slow step (k-s min−1) for Caparoi (a and b) and Yawa (c and d) samples. SE-
Pepsin, PP-Pepsin, WP-Pepsin and WP-Pepsin-Pancreatin were cooked and hydrolyzed by 0.02 M HCl with pepsin added to reduce proteins in digestive 
solution; SE, PP, ST  and WP  were cooked and hydrolyzed by 0.02 M HCl with proteins in digestive solution unaltered.  
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Fig.S3.6. Digestive evolution of weight distributions of branched starch molecules during in vitro digestion for Yawa SE (a, c), PP (b, d), ST (e) and WP (f-h).  
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  Highlights 
 Roles of proteins in the slow digestion of starch in pasta investigated 
 Cooking releases soluble proteins able to reduce activity of α-amylase 
 Glutenin and gliadin do not reduce activity of α-amylase after cooking 
 Protein α-amylase inhibitors may play a role in reducing starch digestion rates in cooked 
pasta 
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Abstract  
    The slow digestion of starch in pasta is nutritionally advantageous as it reduces post-prandial 
glycemia, a risk factor for type 2 diabetes. Here we examine the role of pasta proteins in this effect. 
The proteins in pasta which are able to reduce the activity of α-amylase are investigated using 
extracted and commercial gluten samples that were subjected to incubation in aqueous solution at 
37°C and 100 °C. The centrifuged supernatant and gluten pellet were incubated with porcine α-
amylase, and enzymatic activity measurements were carried out, revealing that inhibitory protein(s) 
had diffused into the supernatant after cooking. These results were consistent with the observation 
from confocal microscopy that the morphologically dense gluten pellet became porous. 
Compositional analysis using proteomics (liquid chromatography-mass spectrometry, LC-MS) 
indicate the inhibitory proteins are neither glutenin nor gliadin, and are probably endogenous α-
amylase inhibitors that are capable of interacting with the α-amylase penetrating gluten network. 
These results provide more detailed understanding of how durum grain proteins inhibit the enzymatic 
digestion of entrapped starch in pasta. 
Key words:  
  Gluten; Enzyme activity; α-amylase inhibitors; LC-MS; pasta; proteomics 
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4.1. Introduction  
    Foods where the rate of digestion of the starch component is slow have nutritional benefits 
(Scheppach, Luehrs & Menzel, 2001; Wolever et al., 1992a; Wolever et al., 1992b), especially with 
regard to diabetes, obesity and colo-rectal cancers. It is well known that the digestion rate of pasta is 
comparatively slow compared to equivalent food such as white noodles, and it is thought that this 
may be due to the particular proteins present in the durum wheat used for pasta. This paper explores 
the mechanism of this effect. 
    Pasta comprises two main components: starch, and gluten processed by kneading the powdered 
semolina into a dough. During the kneading process, wheat protein components (mainly glutenin and 
gliadin (Wieser, 2007)) are formed into a porous network with 0.5 – 40 µm pore sizes, as observed 
using confocal scanning laser microscopy (CSLM) (Fardet et al., 1998). Starch granules can be 
found entrapped by the gluten network, which has previously been shown to be such that starch 
digestion rates are reduced (see chapter 2). Although gluten entrapment has been widely considered 
as a physical barrier capable of inhibiting the enzymatic accessibility to starch substrates (Colonna et 
al., 1990; Cunin et al., 1995; Dexter et al., 1978; Favier et al., 1996; Singh et al., 2004; Sissons et al., 
2010) it may not be the main reason, as α-amylase is  ~ 7 – 10 nm in size (Larson et al., 1994; Strobl 
et al., 1998), large enough to diffuse freely through the gluten network (see chapter 2). A reasonable 
alternative hypothesis is that the α-amylase may somehow bind with certain components present in 
the gluten network so as to inhibit enzymatic penetration. This hypothesis is supported by two 
experimental findings. (1): CSLM showed that α-amylase was attached to the gluten network as the 
enzyme penetrated to hydrolyze the starch entrapped by the gluten network of cooked pasta (see 
chapter 2); (2) It has been seen (see chapter 3) that some water-solubilized protein components in 
cooked semolina or gluten from cooked pasta powder may be probably capable of forming a 
complex structure with α-amylase resulting in the reduction of enzymatic activity, which can retard 
the digestive evolution of branched starch molecules. However, as yet, there is no experimental 
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evidence firmly identifying which protein components present in the gluten network are capable of 
interacting with α-amylase, thus reducing its activity. Therefore the mechanism by which starch 
digestion in pasta is inhibited is not currently fully understood. 
    The aim of this study is to remedy this lack of evidence by identifying and characterizing soluble 
activity-reducing proteins through proteomics. To achieve this, two types of gluten, one extracted 
from a commercial durum wheat variety and the other commercial gluten, were selected and 
incubated with porcine α-amylase and the activity was measured. In addition, CSLM was used to 
observe the morphological changes for gluten from which the soluble proteins had been removed, 
and liquid chromatography-mass spectrometry (LC-MS) was employed to characterize the chemical 
composition of the target proteins. The overall aim of this study was to develop a deeper 
understanding of the mechanism by which gluten entrapment inhibits starch digestion. 
4.2. Materials and methods 
4.2.1. Materials  
    A commercial durum wheat variety (Jandaroi) was sourced from a large field trial grown at the 
Wagga Wagga Agricultural Research Station (NSW, Australia) in the 2011 season. Semolina was 
obtained from Jandaroi durum wheat grain using a laboratory scale Buhler MLU202 mill according 
to procedures described elsewhere (Sissons et al., 2002b). Pepsin (Sigma P-6887, from gastric 
porcine mucosa), α-amylase (Sigma A-6255, from porcine pancreas, 1173 U/mg, one unit liberates 
1.0 mg of maltose from soluble starch in 3 min at pH 7.0 at 37 °C) and powdered gluten (from wheat, 
Sigma, G5004) were commercially obtained. All chemicals used were of analytical grade. 
    Powdered gluten was obtained from Jandaroi semolina as follows: ~400 g of semolina was added 
to ~240 mL of deionized water and kneaded carefully into a dough at room temperature; afterwards 
the dough was washed nine times with ~70 mL of deionized water to remove the starch. The slightly 
yellow gluten network obtained after washing was frozen and stored in a –20°C freezer and 
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subsequently freeze dried. The resulting gluten was ground and passed through a sieve (pore 
diameter ~ 1 mm). 
4.2.2. Isolating soluble proteins 
    The procedures used for isolating soluble proteins capable of reducing the activity of α-amylase 
are outlined diagrammatically in Fig. S4.1, and the details are as follows: 1.2 mL of deionized water 
and 3.6 mg of powdered gluten were weighed into a sealed 15 mL polyethylene flask and stirred at 
either 37°C or 100°C for 10 min. The samples was then centrifuged at 5000 g for 10 min to obtain 
supernatant (S) and gluten pellet (GP); S and G that had hydrolyzed by pepsin in the following are 
abbreviated as S-P and GP-P respectively. The amount of soluble protein (%) dissolved in the S at 
the two different temperatures were measured using procedures described in detail below in 4.2.3. 
Morphological observation of the GP was carried out using procedures as described in detail in 4.2.4.  
The S (~ 1.2 mL) was transferred into a new flask, while the remaining pellet was washed with 10 
mL of deionized  water and centrifuged at 5000 g for 10 min, and then 10 mL of washings was 
discarded. The washing/centrifuging cycles for the pellet were repeated four times before the final 
pellet obtained was supplemented with 1.2 mL water. S-Pepsin and GP-Pepsin denote flasks that had 
1.0 mL of pepsin solution (1mg/ml, dissolved in 0.01 M hydrochloric acid solution) added to the 
sample with the aim of hydrolyzing proteins; S and GP comprised flasks that had 1.0 mL of the same 
HCl solution with no pepsin present added to the samples, meaning the protein composition would 
be unaltered. All flasks were incubated in a 37 °C water bath for 30 min, following the addition of 
1.0 mL of acetate buffer (0.2 M, containing 200 mM calcium chloride and 0.49 mM magnesium 
chloride, pH 6.0) to adjust the solution to ~pH 6.0. A solution of α-amylase (1.0 mL) dissolved in 
acetate buffer was added and the flasks were incubated at 37 °C for 60 min. After centrifuging at 
5000 g for 10 min, the 4.2 mL of solution (~1.2 mL supernatant +1.0 mL pepsin + 1.0 mL buffer 
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+1.0 mL α-amylase) was measured for the activity of α-amylase using methods described in detail 
elsewhere (see chapter 3). 
4.2.3. Soluble protein concentration 
    Soluble protein concentration was measured by the Thermo Scientific™ Pierce™ BCA Protein 
Assay Kit using bovine serum albumin (BSA) as a reference standard. A 0.1 mL volume of each 
standard or sample was added to 2.0 mL of working reagent and incubated at 37 °C for 30 min. The 
samples were allowed to cool to room temperature and the absorbance was measured by a UV-1700 
Pharma Spectrophotometer (Shimadzu) set to 562 nm. The concentration of soluble proteins in the 
supernatant was measured by a linear, correlation standard curve between absorbance values and the 
concentration of soluble proteins dissolved from gluten (Fig.S4.2).   
4.2.4. Confocal scanning laser microscopy (CSLM) 
    The GP was stained with fluorescein isothiocyanate (FITC, 0.1 mL, 0.05% w/v) to visualise starch 
and protein, and Rhodamine B (0.1 mL, 0.05% w/v) to visualise protein. Proteins stained by both of 
the chemicals are yellow whereas any residual starch granules stained by only FITC are green, when 
observed under CSLM. Samples were rinsed in deionized water, mounted in water on glass cavity 
slides and sealed with a cover slip and nail varnish, before they were viewed promptly using a ZEISS 
LSM700 confocal microscope with dual excitation. The filter block used for the excitation of the 
FITC and Rhodamine B were wavelengths of 488 and 555 nm respectively. 
4.2.5. Proteomics  
    The protein compositional analysis for the GP and S centrifuged from cooked Sigma gluten were 
carried out as shown in Fig. S4.3 as follows:  3.6 mg of gluten and 1.1 mL of water were added to a 
flask (Eppendorf, 2.5 mL). The sample was heated and stirred at 100°C for 10 min, followed by the 
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addition of 0.5 mL of water. The solution was cooled in a water bath at 37°C. The α-amylase was 
prepared by diluting 22 µL stock solution into 20.0 mL acetate buffer (pH 6.0). Diluted α-amylase 
(0.500 mL; 22.72 µg/mL) was added to each sample and incubated in a 37°C water bath with stirring 
by a magnetic stir bar for 60 min. After incubation, the stirrer bar was removed and samples were 
centrifuged at 5000 g for 10 min before the S was collected in a new Eppendorf tube. 
Methanol:acetone (1.0 mL; 1:1) was added to each tube  and the samples were incubated at -20°C 
overnight. After this, samples were centrifuged for 10 min at 18,000 rcf and the supernatant was 
discarded. The samples were re-suspended in 100 µL trypsin buffer (100 mM ammonium acetate, 10 
mM DTT, with 0.5 µg of trypsin), digested with shaking at 37°C for 16 h, and desalted with C18 
Ziptips (Millipore). The protein components in the supernatant and pellet were subsequently 
characterized by LC-ESI-MS/MS with a Prominence nanoLC system (Shimadzu) and TripleTof 
5600 mass spectrometry with a Nanospray III interface (SCIEX) essentially as previously described 
(Bailey, Jamaluddin & Schulz, 2012; Bailey & Schulz, 2013). Proteins were identified essentially as 
described (Xu, Bailey & Schulz, 2015) with ProteinPilot 4.1 (SCIEX), searching the UniProtKB 
database with settings: Sample type, identification; Cysteine alkylation, none; Instrument, TripleTof 
5600; Species, none; ID focus, biological modifications; Enzyme, Trypsin; Search effort, thorough 
ID. False discovery rate analysis using ProteinPilot was performed on all searches, with cutoffs for 
peptide identification of greater than 99% confidence and local false discovery rates of less than 1%. 
4.3. Results  
4.3.1. Activity of α-amylase 
    All relative activities of α-amylase incubated with S, S-P, GP and GP-P are presented as initial 
rates of releasing reducing sugar (k, mmol·min-1·mL-1), as is shown in Fig.4.1. For uncooked gluten, 
the S after centrifugation showed little or no reduction in enzymatic activity (Fig. 4.1 a-2 and b-2), 
while the GP showed significant reduction (Fig. 4.1 a-1 and b-1). Conversely, for cooked gluten, the 
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centrifuged S played the main role in reducing the activity of α-amylase (Fig. 4.1 c-2 and d-2), 
whereas the GP exerted little or no reduction effect (Fig. 4.1 c-1 and d-1). Additionally, for cooked 
gluten, the α-amylase activity was not found to be reduced after pepsin hydrolysis. 
4.3.2. Soluble protein concentration and morphology for cooked gluten 
    The amounts of water-soluble proteins from powdered gluten are presented as percentages in Fig. 
4.2. The uncooked gluten incubated with water at 37°C had around 5 – 13% of soluble proteins 
dissolved; after cooking (incubation of the sample with aqueous solution at 100°C), an increase in 
the amount of dissolved soluble proteins was observed (Fig.4.2 a-b and c-d). 
 
    Fig. 4.1. Activity of α-amylase incubated with GP and S centrifuged from uncooked Jandaroi (a) and Sigma 
gluten (b), and from cooked Jandaroi (c) and Sigma gluten (d). Blank contains only α-amylase. Red columns 
refer to samples that had been treated by HCl solution (pH 2.0) with proteins unaltered; blue columns refer to 
samples that had been treated by HCl solution with pepsin added to hydrolyzed proteins.  
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    Fig.4.2. Soluble proteins (%) dissolved from uncooked Sigma (a) and Jandaroi (c) gluten, and from cooked 
Sigma (b) and Jandaroi (d) gluten.    
 
    Morphological changes of the GP before and after cooking are shown in Fig. 4.3. From these 
images, it can be seen the uncooked GP had a dense surface texture, while after cooking the GP 
became visually porous and loose when viewed by CSLM. 
 
Fig.4.3. Typical confocal microscopy of GP centrifuged from uncooked (a) and cooked (b) Sigma gluten. 
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4.3.3. Protein compositional analysis by LC-MS 
    A list of the main proteins (including name or accession number) associated with either the S or 
GP that were centrifuged from the cooked Sigma gluten are shown in Tables 4.1 and 4.2. For the GP, 
the main protein components identified were high molecular weight glutenin (AN: P10387 and 
P10388), low molecular weight glutenin (AN: P10385 and P10386) and gliadins (AN: P04724, 
P06659, P21292, P08453 and P04722). Interestingly for the S, although glutenin (AN: P10386, 
P10387 and P10388) was found, only a small amount of gliadin (AN: P08453) was present. 
Moreover it was observed that the S was enriched in α-amylase inhibitors (AN: P01084 and P01083) 
and α-amylase/trypsin inhibitors (AN: P17314, P16159, P16851, P16850), that were not the main 
protein components for the GP. The added porcine α-amylase was also identified in both the S and in 
the GP. 
4.4. Discussion 
4.4.1. Protein components reducing the activity of α-amylase  
    Clear morphological differences were observed between uncooked and cooked powdered gluten, 
as the previously dense gluten network had become loose and porous after cooking (Fig.4.3). This 
morphological change can be largely attributed to the loss of some protein components as they 
dissolved into aqueous solution, as confirmed by an observed increase in soluble proteins after 
cooking the gluten powder (see Fig. 4.2 a-b and c-d). Additionally, those dissolved soluble proteins 
capable of reducing the activity of α-amylase were found mainly in the aqueous solution after 
cooking. 
    Extracted gluten contains protein components with the capacity to reduce the activity of α-amylase, 
as demonstrated in Fig 4.1, because α-amylase incubated with either the GP or S resulted in 
significantly reduced enzymatic activity. These protein components did not easily diffuse out into the 
aqueous solution incubated at 37°C, because the GP presumably played the main role in reducing the 
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enzymatic activity of α-amylase. This was confirmed experimentally when it was observed that the 
Sigma GP after incubating at 37 °C had the capacity to significantly reduce enzymatic activity, 
whereas its S component showed little influence in altering the activity of α-amylase (see Fig. 4.1 b-
1 and b-2). A similar phenomenon was observed for the Jandaroi GP, where the S showed a lesser 
reduction of the enzymatic activity (see Fig. 4.1 a-1 and a-2), indicating that the protein components 
with the capacity to reduce the activity of α-amylase remained mainly in the GP. However the 
protein components within the GP could diffuse into aqueous solution after incubation of the pellet at 
100 °C for 10 min. This was shown experimentally because the S centrifuged from cooked Sigma 
gluten powder reduced the enzymatic activity, whereas the GP was almost deprived of the capacity 
of reducing the activity of α-amylase (see Fig.4.1 d-1 and d-2). Again, a similar phenomenon was 
observed for the S centrifuged from cooked Jandaroi gluten, where again the activity of α-amylase 
was reduced compared to the GP (see Fig.4.1 c-1 and c-2). All of these results above indicate that 
most of the protein components with the capacity of reducing the activity of α-amylase diffused into 
the aqueous solution after cooking. 
Further protein compositional analysis by LC-MS revealed the probable chemical composition for 
the protein components capable of reducing the activity of α-amylase, as seen in Tables 4.1and 4.2. 
After cooking the gluten, glutenin was abundant in both S and the GP. Gliadin was found mainly in 
the GP, but very little was found in the S. This demonstrated that while both glutenin and gliadin as 
the main components of the gluten network are present, they are incapable of reducing the activity of 
α-amylase. It should be noted, however, that while some of the endogenous protein α-amylase 
inhibitors were dissolved from gluten into the aqueous S, and were the most abundant soluble protein 
family identified in the S (see Table 4.2), they were relatively less abundant in the GP (see Table 4.1). 
Therefore it is inferred that these endogenous protein α-amylase inhibitors are the probable 
components possessing the capacity to reduce enzymatic activity of α-amylase. However, it is 
unclear if one single protein α-amylase inhibitor or combinations of these protein α-amylase 
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inhibitors are responsible for the observed inhibition of α-amylase activity. Likewise, it is possible 
that other protein components might also be capable of reducing the activity of α-amylase.  
4.4.2. Mechanism of gluten entrapment slowing the starch digestion 
    The wheat protein α-amylase inhibitors identified by proteomics provide valuable experimental 
evidence to elucidate the mechanism by which the gluten network reduces starch digestion. Previous 
research findings (chapters 2 and 3) supported the hypothesis that the inhibited digestion of starch 
entrapped by the gluten network is probably due to the gluten network interacting with α-amylase 
(through a mechanism that has yet to be determined), thus immobilizing the enzyme. For instance, it 
was found that FITC-labelled α-amylase was attached to the gluten network (see chapter 2) and that 
some protein components from semolina and pasta powder may interact with α-amylase to reduce 
the enzymatic activity (see chapter 3). These protein components could not be glutenin or gliadin, as 
both of these proteins were shown to be incapable of reducing the activity of α-amylase; rather, some 
endogenous protein α-amylase inhibitors existing in the gluten network presumably retain the 
capacity to reduce the enzymatic activity after cooking. Moreover, these protein α-amylase inhibitors, 
like other soluble protein components in the gluten network, could be protected by the compact 
structure of pasta from diffusing into aqueous solution, consistent with a previous report that cooked 
pasta had reduced activity of α-amylase when compared to cooked pasta powder (see chapter 3). It is 
reasonable to postulate that α-amylase penetrating the gluten network interacted with protein α-
amylase inhibitors, resulting in the immobilization of the enzymes onto the gluten network. This 
indicates how the digestion of starch entrapped by the gluten network is inhibited.
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Table. 4.1. Typical protein composition of centrifuged Sigma GP as determined by LC-ESI-MS/MS.  
N Accession Name 
1 sp|P04724|GDA4_WHEAT Alpha/beta-gliadin A-IV OS=Triticum aestivum PE=2 SV=1 
2 sp|P00761|TRYP_PIG Trypsin OS=Sus scrofa PE=1 SV=1 
3 sp|P10386|GLTB_WHEAT Glutenin, low molecular weight subunit 1D1 OS=Triticum aestivum PE=2 SV=1 
4 sp|P06659|GDBB_WHEAT Gamma-gliadin B OS=Triticum aestivum PE=3 SV=1 
5 sp|D6QZM5|AVLB8_WHEAT Avenin-like b8 OS=Triticum aestivum PE=3 SV=1 
6 sp|P82993|AMYB_HORVS Beta-amylase OS=Hordeum vulgare subsp. spontaneum GN=BMY1 PE=1 SV=1 
7 sp|P21292|GDBX_WHEAT Gamma-gliadin OS=Triticum aestivum PE=3 SV=1 
8 sp|P10387|GLT0_WHEAT Glutenin, high molecular weight subunit DY10 OS=Triticum aestivum GN=GLU-D1-2B PE=3 SV=1 
9 sp|P04727|GDA7_WHEAT Alpha/beta-gliadin clone PW8142 OS=Triticum aestivum PE=3 SV=1 
10 sp|P08453|GDB2_WHEAT Gamma-gliadin OS=Triticum aestivum PE=3 SV=1 
11 sp|P10388|GLT5_WHEAT Glutenin, high molecular weight subunit DX5 OS=Triticum aestivum GN=GLU-1D-1D PE=3 SV=5 
12 sp|P52589|PDI_WHEAT Protein disulfide-isomerase OS=Triticum aestivum GN=PDI PE=2 SV=1 
13 sp|P93693|SPZ1B_WHEAT Serpin-Z1B OS=Triticum aestivum PE=1 SV=1 
14 sp|P10385|GLTA_WHEAT Glutenin, low molecular weight subunit OS=Triticum aestivum PE=3 SV=1 
15 sp|P17314|IAAC3_WHEAT Alpha-amylase/trypsin inhibitor CM3 OS=Triticum aestivum PE=1 SV=1 
16 sp|P31923|SUS2_HORVU Sucrose synthase 2 OS=Hordeum vulgare GN=SS2 PE=1 SV=1 
17 sp|P00690|AMYP_PIG Pancreatic alpha-amylase OS=Sus scrofa GN=AMY2 PE=1 SV=3 
18 sp|P30523|GLGS_WHEAT Glucose-1-phosphate adenylyltransferase small subunit, chloroplastic/amyloplastic OS=Triticum aestivum GN=AGP-S PE=2 SV=1 
19 sp|P93692|SPZ2B_WHEAT Serpin-Z2B OS=Triticum aestivum PE=1 SV=1 
20 sp|P04722|GDA2_WHEAT Alpha/beta-gliadin A-II OS=Triticum aestivum PE=2 SV=1 
21 sp|P04264|K2C1_HUMAN Keratin, type II cytoskeletal 1 OS=Homo sapiens GN=KRT1 PE=1 SV=6 
22 sp|Q03033|EF1A_WHEAT Elongation factor 1-alpha OS=Triticum aestivum GN=TEF1 PE=2 SV=1 
23 sp|P01083|IAA2_WHEAT Alpha-amylase inhibitor 0.28 OS=Triticum aestivum GN=IMA1 PE=1 SV=3 
24 sp|P34937|TPIS_HORVU Triosephosphate isomerase, cytosolic OS=Hordeum vulgare PE=1 SV=3 
25 sp|P01085|IAA1_WHEAT Alpha-amylase inhibitor 0.19 OS=Triticum aestivum PE=1 SV=1 
26 sp|Q10464|PUIB_WHEAT Puroindoline-B OS=Triticum aestivum GN=PINB PE=1 SV=1 
27 sp|P33432|PUIA_WHEAT Puroindoline-A OS=Triticum aestivum GN=PINA PE=1 SV=2 
28 sp|P08477|G3PC2_HORVU Glyceraldehyde-3-phosphate dehydrogenase 2, cytosolic (Fragment) OS=Hordeum vulgare GN=GAPC PE=2 SV=1 
29 sp|P93819|MDHC1_ARATH Malate dehydrogenase, cytoplasmic 1 OS=Arabidopsis thaliana GN=At1g04410 PE=1 SV=2 
30 sp|P30524|GLGL1_HORVU Glucose-1-phosphate adenylyltransferase large subunit 1, chloroplastic/amyloplastic OS=Hordeum vulgare PE=2 SV=2 
The identified glutenin (green), gliadin (yellow), α-amylase inhibitors (red) and added porcine α-amylase (blue) are colourfully highlighted.  
 
131 
 
Table. 4.2. Typical protein composition of S centrifuged from Sigma gluten as determined by LC-ESI-MS/MS. 
N Accession Name 
1 sp|P00690|AMYP_PIG Pancreatic alpha-amylase OS=Sus scrofa GN=AMY2 PE=1 SV=3 
2 sp|P52589|PDI_WHEAT Protein disulfide-isomerase OS=Triticum aestivum GN=PDI PE=2 SV=1 
3 sp|P17314|IAAC3_WHEAT Alpha-amylase/trypsin inhibitor CM3 OS=Triticum aestivum PE=1 SV=1 
4 sp|P16159|IAC16_WHEAT Alpha-amylase/trypsin inhibitor CM16 OS=Triticum aestivum PE=1 SV=1 
5 sp|P04264|K2C1_HUMAN Keratin, type II cytoskeletal 1 OS=Homo sapiens GN=KRT1 PE=1 SV=6 
6 sp|P16851|IAAC2_WHEAT Alpha-amylase/trypsin inhibitor CM2 OS=Triticum aestivum PE=1 SV=2 
7 sp|P12810|HS16A_WHEAT 16.9 kDa class I heat shock protein 1 OS=Triticum aestivum GN=hsp16.9A PE=2 SV=1 
8 sp|P10387|GLT0_WHEAT Glutenin, high molecular weight subunit DY10 OS=Triticum aestivum GN=GLU-D1-2B PE=3 SV=1 
9 sp|P10386|GLTB_WHEAT Glutenin, low molecular weight subunit 1D1 OS=Triticum aestivum PE=2 SV=1 
10 sp|P10388|GLT5_WHEAT Glutenin, high molecular weight subunit DX5 OS=Triticum aestivum GN=GLU-1D-1D PE=3 SV=5 
11 sp|P01084|IAA5_WHEAT Alpha-amylase inhibitor 0.53 OS=Triticum aestivum PE=1 SV=1 
12 sp|P00689|AMYP_RAT Pancreatic alpha-amylase OS=Rattus norvegicus GN=Amy2 PE=2 SV=2 
13 sp|P13645|K1C10_HUMAN Keratin, type I cytoskeletal 10 OS=Homo sapiens GN=KRT10 PE=1 SV=6 
14 sp|P01544|THN1_WHEAT Alpha-1-purothionin (Fragment) OS=Triticum aestivum GN=THI1.1 PE=1 SV=2 
15 sp|P16850|IAAC1_WHEAT Alpha-amylase/trypsin inhibitor CM1 OS=Triticum aestivum PE=1 SV=1 
16 sp|P00761|TRYP_PIG Trypsin OS=Sus scrofa PE=1 SV=1 
17 sp|P01083|IAA2_WHEAT Alpha-amylase inhibitor 0.28 OS=Triticum aestivum GN=IMA1 PE=1 SV=3 
18 sp|Q10464|PUIB_WHEAT Puroindoline-B OS=Triticum aestivum GN=PINB PE=1 SV=1 
19 sp|P0CZ06|AVLB3_WHEAT Avenin-like b3 OS=Triticum aestivum PE=2 SV=1 
20 sp|P16347|IAAS_WHEAT Endogenous alpha-amylase/subtilisin inhibitor OS=Triticum aestivum PE=1 SV=1 
21 sp|P10385|GLTA_WHEAT Glutenin, low molecular weight subunit OS=Triticum aestivum PE=3 SV=1 
22 sp|P12783|PGKY_WHEAT Phosphoglycerate kinase, cytosolic OS=Triticum aestivum PE=2 SV=1 
23 sp|Q6W8Q2|REHY_WHEAT 1-Cys peroxiredoxin PER1 OS=Triticum aestivum GN=PER1 PE=2 SV=1 
24 sp|P35527|K1C9_HUMAN Keratin, type I cytoskeletal 9 OS=Homo sapiens GN=KRT9 PE=1 SV=3 
25 sp|P35908|K22E_HUMAN Keratin, type II cytoskeletal 2 epidermal OS=Homo sapiens GN=KRT2 PE=1 SV=2 
26 sp|P01543|THNB_WHEAT Purothionin A-1 OS=Triticum aestivum GN=THI1.3 PE=1 SV=2 
27 sp|P52588|PDI_MAIZE Protein disulfide-isomerase OS=Zea mays GN=PDI PE=2 SV=1 
28 sp|Q41593|SPZ1A_WHEAT Serpin-Z1A OS=Triticum aestivum GN=WZCI PE=1 SV=1 
29 sp|Q9SHE7|RUB1_ARATH Ubiquitin-NEDD8-like protein RUB1 OS=Arabidopsis thaliana GN=RUB1 PE=1 SV=3 
30 sp|Q03033|EF1A_WHEAT Elongation factor 1-alpha OS=Triticum aestivum GN=TEF1 PE=2 SV=1 
31 sp|P08453|GDB2_WHEAT Gamma-gliadin OS=Triticum aestivum PE=3 SV=1 
The identified glutenin (green), gliadin (yellow), α-amylase inhibitors (red) and added porcine α-amylase (blue) are colourfully highlighted.  
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4.5. Conclusion  
  The measurement of α-amylase activity revealed that gluten contains protein components with the 
capacity to reduce enzymatic activity which are predominantly associated with the insoluble pellet at 
37°C but with the supernatant after treatment at 100°C. This was shown because the uncooked gluten 
pellet caused a greater enzymatic-activity reduction than the centrifuged supernatant, indicating that 
these protein components were mainly attached to the gluten pellet. However, the supernatant 
centrifuged from cooked gluten was found to play the main role in reducing enzymatic activity when 
compared to the cooked gluten pellet. Meanwhile the morphologically dense gluten powder was 
observed to become porous after cooking, consistent with an increased ability to release soluble 
proteins into the centrifuged supernatant. These experimental results indicate that inhibitory proteins 
diffused into the aqueous supernatant after cooking. Further proteomic compositional analysis of the 
centrifuged gluten pellet and supernatant suggested glutenin and gliadin (the two main protein 
components of gluten networks) are unable to reduce the activity of α-amylase after cooking 
treatment, whereas the protein α-amylase inhibitors identified as abundantly present in the 
supernatant may account for the reduction in α-amylase activity. It is probable that some inherent 
protein α-amylase inhibitors from wheat retain the capacity of reducing enzymatic activity after 
cooking, and therefore may interact with α-amylase to immobilize the enzymes, preventing them 
from penetrating the gluten network and in this way slowing the digestion of starch entrapped by 
gluten network. These results may prove helpful in design of pasta-type foods with the nutritionally 
beneficial effect of slowing down starch digestion. 
    Future studies could include developing coating materials surrounding around the α-amylase 
inhibitors, which is capable of inhibiting the accessibility of the intestinal protease; alternatively, 
some chemical modification could be placed to give the α-amylase inhibitors improved ability of 
enduring proteolysis. 
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4.6. Supplementary materials 
 
Fig.S4.1. Sketch of isolating proteins with a capacity of reducing the activity of α-amylase 
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Fig.S4.2. Absorbance of a series of concentration of bovine serum albumin (BSA)        
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Fig.S4.3. Sketch of protein compositional analysis for the gluten pellet and supernatant centrifuged from cooked gluten 
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5. Summary of the thesis 
5.1.    Summary of the conclusions 
    The research aim of the thesis was to explore the mechanism of durum wheat proteins in slowing 
starch digestion. Pasta is known to be digested more slowly compared to other wheat products such 
as bread; slow digestion is nutritionally advantageous. Pasta preparation is as follows. Following the 
addition of water, the semolina (ground wheat grains) are kneaded into a dough, followed by further 
processing procedures (eg. shaping and drying) to obtain a pasta product. During the whole process, 
semolina proteins form a gluten network that results in two possible structural reasons for a slowed 
starch digestion. Firstly, the gluten network plays the role of the backbone in supporting the compact 
and dense structure of pasta products. This protects most of the starch granules inside a pasta particle 
from swelling during thermal gelatinization. In addition, the compact and dense structure of pasta 
means that the digestive enzymes (typically α-amylase) must penetrate from the outer into the inner 
regions, degrading starch fractions layer by layer, and therefore inhibiting the accessibility of inner 
starch granules to digestive enzymes. This also prevents pepsin from hydrolysing the gluten network. 
We find here that the compact and dense structure result in the starch digestion of pasta following 
two sequential first-order kinetics steps, comprised of a fast initial and slow later rate constant. 
    In addition to the role played by the compact and dense structure of pasta, the gluten network itself 
is also found here to reduce starch digestion. This is because the gluten network includes certain 
protein components capable of interacting physically with added α-amylase resulting in the 
formation of protein complexes and reducing enzymatic activity. However, α-amylase that penetrates 
this network is only immobilized by the gluten-associated proteins, and activity could be restored 
once the protein-amylase complexes were broken up. These gluten-associated proteins mostly 
diffused from cooked gluten into aqueous solution and were further found to be able to retard the in 
vitro digestive evolution of branched starch molecules, preventing further degradation of the starch 
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molecules with a hydrodynamic radius less than 100 nm. Further, these proteins were found 
susceptible to pepsin hydrolysis. 
    To elucidate the chemical nature of these proteins possessing the capacity of reducing the activity 
of α-amylase, a further protein compositional analysis was carried out. The proteomics results 
indicate that glutenin and gliadin, as the main protein components of gluten network, were incapable 
of reducing the activity of α-amylase; instead, some inherent protein α-amylase inhibitors are 
probably the key components that confer upon the gluten network the capacity of inhibiting the 
digestion of entrapped starch.  
5.2. Summary of achievements 
The main research achievements for this thesis are summarized as follows. 
5.2.1. Characterizing the quantifiable starch digestion rates of pasta 
The macroscopic compact structure of pasta and microscopic gluten network are considered as the 
main structural features accounting for a slowed starch digestion. Before this research project was 
carried out, previous work had observed that the pasta wheat selection (durum) and preparation 
method (namely mixing, kneading, extrusion and drying) (see 1.3.2), by which semolina is processed 
into pasta, led to a cooked product with a slowed starch digestion. CSLM and SEM data had showed 
that the starch granules had largely remained relatively intact and not swollen completely for cooked 
pasta, and which were also entrapped by the gluten network (see Figs. 1.1 and 1.2). Based on these 
results, previous researchers had assumed that the compact structure limited the water penetration 
(Bustos, Perez & León, 2011; Petitot et al., 2009a; Wagner, Morel, Bonicel & Cuq, 2011), or that the 
gluten network prohibited the accessibility of the digestive enzymes (Colonna et al., 1990; Cunin et 
al., 1995; Dexter et al., 1978; Favier et al., 1996; Singh et al., 2004; Sissons et al., 2010). However, 
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no direct quantifiable research evidence was available in these papers to indicate that starch digestion 
rates could be actually influenced either by the compact structure or by the gluten network.  
    The research achievements of this project first (in chapter 2) provide qualitatively new data, in the 
form of kinetic analysis, together with other technologies like CSLM and labelled α-amylase, to 
obtain more direct evidence that starch digestion rate is significantly slowed by the compact structure 
of pasta and gluten entrapments. Kinetic analysis showed two distinct faster than slower digestion 
steps. CSLM characterization was used to understand this observation; the labelled α-amylase was 
used to show that the penetrative digestive enzymes (typically α-amylase) attach onto the gluten 
network. 
5.2.2. How gluten proteins retard the digestion of starch molecules 
    Nearly all of previous research focussed only on the percentage of starch digested and the 
correlation with botanic features (see 1.3.1) or processing procedures (see 1.3.2); this gives no 
mechanistic insight. Very limited research had been performed on structural changes that occur to 
starch molecules during digestion, with only a single paper on this (Witt et al., 2010). There had been 
no reports directly exploring how the gluten proteins and the compact structure of pasta influence the 
digestive evolution of starch molecules. This project (mainly chapter 3) fills this gap by firstly 
discovering that the gluten proteins and the compact structure of pasta are capable of retarding the 
digestive evolution of starch molecules. Additionally, the measurement of the activity of α-amylase 
further pointed out that some proteins present in gluten may survive the initial cooking and then 
interfere with the added α-amylase to reduce the enzymatic activity, which leads to a retarded 
enzymatic degradation of starch molecules of Rh less than 100 nm; however, the proteins are 
susceptible to pepsin hydrolysis. The interaction between the proteins and α-amylase is probably 
non-covalent, as the reduced activity of α-amylase could be restored once proteins were hydrolyzed. 
These results confirmed the inference made in chapter 2 that the penetrative digestive enzymes 
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(typically α-amylase) become attached to the gluten network of pasta, and also these results lay the 
foundation for a subsequent study to understand the chemical natures of the target proteins with the 
capacity to reduce the activity of α-amylase.  
5.2.3. Identifying  the protein α-amylase inhibitors by which the gluten network slows 
starch digestion 
     The results in chapter 4 further those in the preceding chapters, so as to understand the chemical 
natures of the target proteins that are capable of surviving the cooking and exposure to gastric acid, 
to interact with the added α-amylase to reduce the digestive enzymatic activity. The measurement of 
the activity of α-amylase, together with CSLM, are used to confirm that ~10-13% of the total gluten 
powder proteins become soluble after cooking, and those proteins capable of reducing the activity of 
α-amylase have mostly diffused into water. Based on this result, proteomics analysis was carried out 
on both supernatant and gluten pellet centrifuged from cooked gluten. The combined results indicate 
glutenin and gliadin, as the main gluten components, are incapable of reducing the activity of α-
amylase. However, some endogenous protein α-amylase may survive the cooking and gastric acid to 
interact with the added α-amylase to reduce the enzymatic activity. This result goes against the 
simplistic assumption that all amylase inhibitors should be pH- and temperature-sensitive so as to be 
inactivated during cooking, low pH and processing (see 1.3.1.3). 
5.2.4. Clarifying the mechanism by which the digestion rates are slowed for pasta 
starch  
The overall research project clarifies the mechanism by which the digestion rates are slowed for 
pasta starch. The compact structure of pasta and its gluten network are the two main structural 
features leading to slowed starch digestion rates and a retarded digestive evolution of starch 
molecular structure. This is firstly because the compact structure of pasta protects the inner starch 
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granules and gluten proteins from being accessed by the penetrative enzymes, thus lowering the 
reaction area; also it protects the starch from being gelatinized. Another important structural reason 
is that the gluten network phsically entraps starch granules.  
These findings significantly extend our understanding of why pasta starch is slowly digested. A 
previously widely accepted suggestion is that the gluten network acts as a kind of physical barrier to 
prohibit the accessibility of enzymes to the entrapped starch granules (Colonna et al., 1990; Cunin et 
al., 1995; Dexter et al., 1978; Favier et al., 1996; Singh et al., 2004; Sissons et al., 2010), and some 
researchers further suggest that the tortuosity of gluten network prolongs the path the enzymes have 
to take to access the starch substrates (Fardet et al., 1998). However this last suggestion is 
unreasonable because the porosity of the gluten network (with continuous paths as high as 0.4-50 µm 
(Fardet et al., 1998)) is large enough to allow α-amylase (size generally in the range 7- 10 nm 
(Larson et al., 1994; Strobl et al., 1998)) to diffuse freely. The findings from this research project 
show that the slowed digestion for starch entrapped by gluten network is because this network 
contains endogenous protein α-amylase inhibitors from the wheat, which are capable of surviving the 
cooking and gastric acid to interact with the penetrative α-amylase to reduce the enzymatic activity. 
5.3. Future research  
    The research findings above enable us to better understand how protein components from wheat 
varieties slow starch digestion for a range of pasta products, which can be applied in the future for 
wheat breeding programs and manufacture and to develop healthier pasta products. 
In future studies, to better understand which protein α-amylase inhibitors retain their function after 
cooking and incubation with HCl solution, a further separation of gluten protein components should 
be carried out using technologies such as size exclusion chromatography or strong ion exchange 
chromatography. These techniques would permit the identification of the individual protein α-
amylase inhibitors, so as to further characterize which protein(s) are capable of reducing the 
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enzymatic activity. It is also useful to study the interaction between protein inhibitors and α-amylase 
to understand how the α-amylase’s capacity is deprived by protein inhibitors at the molecular level.  
The end goal would be the development of functional foods containing specific α-amylase 
inhibitors capable of lowering the GI. This could be achieved following the procedures: the capable 
α-amylase inhibitors identified would be characterized by the protein sequence that would be used to 
infer the corresponding DNA sequence, based on which the novel recombinant plasmids 
incorporating the DNA fragment would be produced. Afterwards the recombinant plasmids would be 
introduced into engineered bacteria for the generation of large quantities of the α-amylase inhibitors 
for testing. In parallel, novel genetically modified agricultural crops (e.g. rice, maize) could be 
developed that, through the incorporation of specific α-amylase inhibitors, would possess a slower 
starch digestion rate. The development of novel, healthy food products is an area of great demand 
especially when considering the high prevalence of chronic diseases such as obesity and diabetes. 
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